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All over the world, almost one bilion people live in regions where water is scarce. It is also
estimated that by 2035, aimost 3.5 billion people will be experiencing water scarcity. Hence,
there is a need for water based technologies. In separation processes, membrane based
technologies have been a popular choice due to its advantages over other techniques.
In recent decades, sustained research in the field of membrane technology has seen a
remarkable surge in the development of membrane technology, particularly because of
reduction of energy footprints and cost. One such development is the inclusion of
nanoparticles in thin fim composite membranes, commonly referred to as Thin Fim
Nanocomposite Membranes (TFN). This review covers the development, characteristics,
advantages, and applications of TFN technology since its introduction in 2007 by Hoek. After a
brief overview on the existing membrane technology, this review discusses TFN membranes.
This discussion includes TFN membrane synthesis, characterization, and enhanced
properties due to the incorporation of nanoparticles. An attempt is made to summarize
the various nanoparticles used for preparing TFNs and the effects they have on membrane
performance towards desalination. The improvement in membrane performance is generally
observed in properties such as permeability, selectivity, chlorine stability, and antifouling.
Subsequently, the application of TFNs in Reverse Osmosis (RO) alongside other desalination
alternatives like Multiple Effect Flash evaporator and Multi-Stage Flash distillation is covered.

Keywords: reverse osmosis, thin film nanocomposite membrane, desalination, interfacial polymerization, chlorine
resistance, antifouling, permeability

1 INTRODUCTION

The United Nations World Water Development Report 2020: Water and Climate Change states that in
accordance with a study conducted by the 2030 Water Resources Group (WRG), the world will have
only 60% of the water it needs by 2030, if it continues on its current trajectory (UNESCO, 2020). This
scarcity has risen out of the ever growing gap between the overwhelming demand, through agriculture,
industries, urbanization, rapidly rising population; and the worryingly low supply of consumable water.
This is where the importance of recycling water and converting the abundantly available seawater to
usable form by the process of desalination becomes critical. Over the previous decade, membrane based
technologies have developed significantly (The World Bank, 2007; Lind et al., 2009a; Li et al., 2013) and
the growth in total desalination capacity across the world has been staggering. Among the different
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Thin Film Nanocomposite Membranes in Desalination
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FIGURE 1 | History of the development of membrane technology.
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desalination techniques such as electrodialysis, Mechanical Vapor
Compression (MVC) and Nano-Filtration (NF), Reverse Osmosis
(RO) is the most popularly used technique. Energy consumption of
RO membranes in 2013 was 1.8 k Wh, which makes the process
much less energy intensive than the other available options, such as
MSF (multi-stage flash distillation) and MEF (multiple effect flash
distillation) (Buonomenna, 2013). Over 60% of today’s desalinated
water comes through RO technology.

For the purpose of desalination and other similar applications,
various kinds of membranes are fabricated like thin film composite
membranes (TFCs) and thin film nanocomposite membranes
(TFNs). TFNs are a modification of the existing TFCs prepared
through interfacial polymerization (IP). The modification is in the
form of nanoparticles being incorporated into a thin polyamide
(PA) dense layer at the top of the TFC membrane, aimed at
improving its performance (Jeong et al., 2007). This enhancement
could be varied such as in the form of improved water permeability
and solute rejection.

The TFN membrane was introduced by Hoek (Jeong et al.,
2007) in which TENs were synthesized by embedding zeolite NaA
nanoparticles (0.004-0.4% w/v) in the PA layer. The PA layer of
the composite membrane was made of m-phenyldiamine (MPD)
and trimesoyl chloride (TMC). This new concept showed a
significant enhancement in the membrane flux while
maintaining a comparable solute rejection to the traditionally
prepared TFC membrane. This improvement in permeability due
to the super-hydrophilic molecular sieve nanoparticle pores
which provide distinct channels for the flow is ascribed (Jeong
et al., 2007).The following section discusses the evolution of
membrane technology from its first instance of application in
a water separation process in 1748 to the currently produced
more advanced TFN.

2 BACKGROUND AND HISTORY

The application of membranes for separation of small solute
particles from water was first reported in 1748 by Jean-Antoine
Nollet (Williams, 2003). However, it was only in the 1850s that

Traube and Pfeffer became the first to study osmosis using ceramic
membranes. In 1959, the first cellulose acetate RO membrane
capable of separating salt from water was developed by C. E. Reid
and E. J. Breton (Williams, 2003). These membranes had a very low
flux due to the excess thickness a free standing membrane was
required. It was in 1962 that a major advancement was made by
Loeb and Sourirajan, who developed an anisotropic cellulose
acetate membrane. It had a thin layer on top of a highly porous
and thick substrate (Williams, 2003). This made RO a practical
desalting process exhibiting salt rejection values of about
99.5%. Subsequently, different types of designs such as tubular,
hollow fiber, and spiral wound were developed as shown in
Figure 1 to utilize the membranes on a commercial scale (Li
and Wang, 2013).

The Loeb-Sourirajan membrane became an industry standard
until the 1970s, when the IP method for composite membrane
fabrication was developed by John Cadotte of Dow FilmTec (Li
and Wang, 2013). This involved placing an ultra-thin aromatic
top layer on a porous ultrafiltration membrane via the IP process.
The aromatic structure made it highly durable making it the
technologically most advanced membrane at that time. The
applications of these membranes have been extended to the
removal of other dissolved solutes from various feed waters
(Ex. FT-30 membrane developed by Cadotte at Dow FilmTec).
Modifications in membrane design, configuration, and
introduction of pre-treatment and post-processes allowed the
energy consumption of RO desalination to be reduced from
sixk Wh/m® (in the 1980s) to 1.8k Wh/m> (Li and Wang,
2013). The FilmTec membranes continued to dominate the US
market till Hoek introduced the first TEN membrane for brackish
water reverse osmosis (BWRQO) membranes in 2007. In that work,
the membrane had zeolite nanoparticles dispersed in the organic
solution of an interfacial polymerization reaction. This was
commercialized in 2011 through a start-up called NanoH,O
(NanoH20 and Inc. InterNano, 2021). Since then, TFNs have
been at the center of attention in membrane technology. The
following section delves deeper into the structure and synthesis of
TFCs along with its limitations that make TFNs a better choice in
most applications.
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3 THIN FILM COMPOSITE MEMBRANES

TFC membranes are the precursors to TFNs. Composite
membranes are a type of asymmetrical membranes that have a
dense top layer and a porous support made of different materials.
Commercial RO membranes were initially obtained from two
kinds of membranes: Polyamide (PA) and Cellulose Acetate (CA)
(Li and Wang, 2010; Rana T. M. D. et al,, 2011). PA TFCs have
two layers; a porous substrate layer (usually made of polysulfone)
and a thin layer made of polyamide formed on it (Li and Wang,
2010). The top layer is concerned with permeation properties of
the membrane, while the sub-layer, which is porous, provides
mechanical strength and support. The advantage of having the
two layers made of different chemicals is that each layer can be
individually synthesized or customized so as to optimize the
overall performance of the membrane (Louie et al,
2006).Compared to CA membranes, TFCs exhibit better salt
rejection, water flux and resistance to biological attacks, apart
from being able to operate at wider range of pH (varying from
1-11) and temperatures (varying from 0-45°C) (Li and Wang,
2010). The following subsection discusses the techniques
involved in the fabrication of TFCs.

3.1 Synthesis of TFCs

The methods of fabrication include techniques such as IP,
solution mixing and polymer melt blending (Kim and Deng,
2011) of which IP has been the most common since its
introduction in 2007 (Jeong et al, 2007). Generally an
asymmetric membrane prepared through phase inversion is
the support layer (Ghosh and Hoek, 2009). Polymers generally
used to form the support layers are polysulfone (PSF), polyimide
(PI), polyethersulfone (PES), polyacrylonitrile (PAN), and
polypropylene (PP) (Ghosh and Hoek, 2009). Various
techniques can be used to deposit a thin layer on a porous
sub-layer one of these is IP. The traditional synthesis
technique requires the dissolution of a difunctional amine in
water and a trifunctional acid halide in an organic solvent. The
solvent is usually chosen such that water and the solvent are
immiscible. The support membrane (usually PSF) is initially
immersed in the aqueous solution and, after saturation, is then
immersed into the organic phase. Upon immersing in the organic
phase, there is a polymerization reaction between the monomers
to form the thin layer (Ghosh and Hoek, 2009). Alternatively,
there is another method of IP known as the SIM method. In this
method, the organic phase is poured over the membrane as it
already has amines present on it due to phase inversion. This
method is more efficient as there is more complete wetting, which
results in a more homogenous, defect-free layer as compared to
the traditional methods (Hermans et al., 2014).

TFCs have been a boon to membrane based technologies.
However, they do have some limitations. These have been
discussed in sub Section 3.2.

3.2 Limitations of TFCs

One of the biggest advantages of a TFC is that one can control and
optimize each layer individually to improve its function. A high
solvent flux can be obtained without compromising on the salt

Thin Film Nanocomposite Membranes in Desalination

rejection. In addition, they are also much stronger and more stable
(Petersen, 1993). However, in spite of the above advantages, TFCs
have a few limitations which cannot be neglected.

One of the main drawbacks is its low resistance to chlorine
(Lau et al., 2012). Chlorination of the main group present in the
PA layer increases the hydrophobic nature of the membrane,
which in turn decreases flux (Hermans et al., 2015). Chlorine is
abundantly present in waters to be treated as chlorination is an
important disinfection and pre-treatment step. Therefore, this is a
significant performance inhibitor. TFCs are also very susceptible
to fouling over time by microorganisms or organic compounds
which leads to decline or deterioration of membrane
performance. The process of de-fouling increases costs and
energy consumption. In addition, high temperatures can also
cause collapsing or compactness of pores in the membrane
(Hermans et al., 2015).

To overcome these limitations, various methods were developed
with the intent to improve the fouling resistance and chlorine
resistance of TFCs thereby increasing their performance. This can
primarily be done through modifications in the substrate. The
following subsection discusses this aspect in details.

3.3 Methods of Membrane Modification
3.3.1 Modifications in the Substrate

Polysulfones are very commonly used as a substrate for the
fabrication of TFCs. In recent years, substantial research work
has been conducted with the aim to enhancemembrane
performance by modifying the substrate layer, either by the
inclusion of organic solvents such as n-methyl pyrolidone in
precipitation, or by addition of hydrophilic agents such as
polyethylene glycol (Zhou et al, 2009). Methods that have
been reported to increase the fouling resistance and chlorine
stability have been discussed in the subsequent sub sections.

3.3.2 Increase in the Fouling Resistance
The fouling of the membrane can lead to decreased water flux,
which in turn leads to increased energy consumption to pump
water through membranes. TFCs can be modified by physical or
chemical methods so as to reduce fouling (Li and Wang, 2010).
Physical methods include applying a coating on the surface of the
membrane without interfering with the chemical structure of the
material. Polyvinyl alcohol and polyethyleneimine are some of
the polymers that have been used in this manner in recent studies
(Kim et al., 2004; Louie et al., 2006; Zhou et al., 2009). As an
example, polyethyleneimine can invert surface charges on
polyamide membranes so as to reduce fouling by cationic
substances by electrostatic repulsion (Zhou et al., 2009).
Chemical modification methods can also be used to increase
fouling resistance. Monomers can be covalently attached to the
monomers on membrane surfaces by radiation or redox grafting
methods. This modification of the surface of membranes can lead
to a decrease in contaminant adsorption for certain polymers (Li
and Wang, 2010).

3.3.3 Increase in Chlorine Stability
The chlorine resistance of the PA layer of the membranes
depends upon the chemical nature of the diamine structure.
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FIGURE 2 | Conceptual illustration of PA (A) TFC and (B) TFN
membrane structures (Zhou et al., 2009).

Chlorine resistance will be high if the amino groups have the
following structures: i)aromatic diamines that have a mono
methyl or chlorine substitutes at the ortho position of the
amino groups; or with amino groups at ortho-position,
compared with those at meta- and para-position; ii) aliphatic
or cycloaliphatic diamines that possess a secondary amino group
or a short methylene chain length between end amino groups; iii)
secondary aromatic diamines (Li and Wang, 2010).

Chlorine resistance can also be increased by the addition of
certain types of monomers. For example, membranes produced
via IP by introducing-OH functional group containing
monomers such as m-aminophenol and bisphenol-A show
greater chlorine resistance than MPD -TMC polyamide
membranes (Li and Wang, 2010). Another method is
incorporating ester linkages by substituting aromatic amines,
as this reduces the number of available sites for chlorine
attack (Li and Wang, 2010).

Incorporation of nanoparticles in TFCs results in TENs. These
have a large number of preferable characteristics. The details of
TFNs have been discussed in Section 4 starting with the processes
developed for the synthesis of the same.

4 SYNTHESIS OF TFNS

TFNs can be synthesized by IP, solution mixing or polymer melt
blending (Kim and Deng, 2011). One of the more commonly used
techniques is IP (Jeong et al., 2007). Preparation of TFNs takes
place in almost the same manner as TFCs, except for a step which
involves the addition of fillers. Figure 2 illustrates PA in both TFC
and TFN membrane structures (Li and Wang, 2010).

The fillers can be added to aqueous or organic phase
(Figure 3) based on the properties of the nanoparticle fillers
used. The membranes can be dipped into a nanoparticle solution
(Shenvi et al., 2015). Once the nanoparticles are embedded in one
of the phases, IP is carried out as per standard procedure
(Figure 4). In IP, an aqueous amine solution is first used to

Thin Film Nanocomposite Membranes in Desalination

impregnate a microporous film. This is followed by a treatment
using a multivalent cross linking agent that has been dissolved in
a organic fluid, that is immiscible with water, for example,
hexane. As a result, a thin polymer film is obtained at the
interface of the two solutions. Table 1 summarizes the
methods of synthesis and the important properties of various
TFNs reported in literature (Petersen, 1993; Kim et al., 2004;
Louie et al., 2006; Ghosh and Hoek, 2009; Jadav and Singh, 2009;
Zhou et al., 2009; Park K. T. et al, 2010; Li and Wang, 2010;
Fathizadeh et al., 2011; Kim and Deng, 2011; Rana T. M. D. et al,,
2011; Zhang et al,, 2011; Lau et al., 2012; Huang et al., 2013a; Kim
E.S.etal, 2013; Alam et al,, 2013; Barona et al., 2013; Chan et al,,
2013; Pendergast et al., 2013; Shen et al,, 2013; Hermans et al,,
2014; Zhao et al., 2014; Ghanbari et al., 2015; Hermans et al,,
2015; Safarpour et al., 2015; Shenvi et al., 2015).

4.1 Position of Fillers
It is difficult to regulate the position of the filler in TENs. It has
been reported that when NaA nanoparticles are dissolved in the
aqueous phase, they are more concentrated near the porous
sublayer as compared to near the surface of thin film. On the
other hand, when NaA nanoparticles were dissolved in the
organic phase, they were found to be homogeneously
distributed with equal concentrations near the surface and the
sublayer (Huang et al., 2013b). It has been reported that the
position of the fillers in the membrane can be tuned by selecting
an appropriate type of nanoparticle.

Additive nanomaterials have been demonstrated to improve
the performance of TFNs. This has been discussed in the
following section.

5 NEW FUNCTIONALITIES INTRODUCED
BY ADDITIVE NANOMATERIALS

The addition of nanoparticles (NPs) provides significant
improvements to the membrane performance(Liao et al,
2021).Moreover, the year wise publication status for TFN
membranes is also shown in Figure 5. The various NPs that
are added in order to aid the adsorption, photocatalysis and
antimicrobial properties of TFNs have been discussed in the
following subsections.

5.1 Adsorption

Membranes can be enabled to adsorb heavy metals from water by
the incorporation of NPs inside the polymer matrix. Daraei
developed a method to remove copper from aqueous solutions
by incorporating PANI/Fe;O, NPs inside the PES matrix
through PI method (Daraei et al, 2012). Elsewhere, Fe-Mn
binary oxide (FMBO) is used to remove As (III)] (Jamshidi
Gohari et al, 2013). These highlight the possibility of
nanocomposite  membranes  being  incorporated  with
adsorbents for removal of contaminants.

5.2 Photocatalysis
TiO, has been known for its photocatalytic properties and as a
result has been used for applications such as water splitting,
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FIGURE 3 | Diagrammatic representation of manufacturing TFN membrane through interfacial polymerization in the presence of nanofillers (Kumar et al., 2020).

aqueous solution of
monomer and nanofiller

Nanofillerincorporated
membrane in organic
solution of monomer

Hexane-acid
—) chloride .
Q - solution :E=
3 Aqueous - :"
0 aming —p- —= e % !:E'
‘b solution — s
:D Sm—— e ::
] — e
Surface of polysulfone / \
support film Amine Cross-
coating linkeq  Reacted
amine S

FIGURE 4 | Schematic of the interfacial polymerization process (Kim and Deng, 2011).

treatment of water and self-cleaning of surfaces. Its stability,
ease of preparation and commercial availability add to
its functionality (Mills and Le Hunte, 1997; Paz, 2010).
Rahimpour found that UV-irradiated TiO,/PES
nanocomposite membranes had higher flux and improved
fouling resistance compared to ordinary nanocomposite
membranes, attributing the improvement to the photocatalysis
and high hydrophilicity of TiO, under UV irradiation
(Rahimpour et al., 2008).

5.3 Antimicrobial Activity
Membrane biofouling, which is caused by microbial growth, has

been a major challenge to membrane technology (Zhu et al.,, 2010). It
increases energy costs, decreases permeability, and reduces permeate
quality. Hence, developing antimicrobial membranes can result in
significant enhancement in efficiency of the separation process.
Silver (Ag), due to its impressive biocidal properties, is a highly
explored antimicrobial agent and has proven applications in avenues
such as antimicrobial coatings, plastics, and wound dressings (Liu
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TABLE 1 | Synthesis and properties of TFNs (Petersen, 1993; Kim et al., 2004; Louie et al., 2006; Ghosh and Hoek, 2009; Jadav and Singh, 2009; Zhou et al., 2009; Park K.
T. etal., 2010; Liand Wang, 2010; Fathizadeh et al., 2011; Kim and Deng, 2011; RanaT. M. D. et al., 2011; Zhang et al., 2011; Lau et al., 2012; Huang et al., 2013a; Kim
E.S.etal., 2013; Alam et al., 2013; Barofia et al., 2013; Chan et al., 2013; Pendergast et al., 2013; Shen et al., 2013; Hermans et al., 2014; Zhao et al., 2014; Ghanbari et al.,

2015; Hermans et al., 2015; Safarpour et al., 2015; Shenvi et al., 2015).

Polymer matrix
Polyamide(MPD—TMC)
Polyamide(MPD—TMC)

Polyamide(MPD—TMC)

Polyamide(MPD—TMC)

Polyamide(MPD—TMC)

Polyamide (MPD-BTC)

Polyamide(MPD—TMC)

Polyamide(MPD—TMC)

Polyamide(MPD—TMC)

Polyamide(MPD—TMC)

Sulfonated poly(arylene ether
sulfone) —polyamide (MPD-TMC)
copolypmer
Polyamide(MPD—TMC)

Polyamide(MPD—TMC)

Polyamide(MPD—TMC)

Polyamide(MPD - TMC)

Polyamide(MPD—TMC)

Polyamide(MPD—TMC)

Nanoparticle

Zeolite A (NaA) (50-150 nm)
Zeolite A (NaA) (100,200,300 nm)

Zeolite A(NaA or AgA) (140 nm)

Zeolite A(NaA) 250 nm

Commercial Silica nanoparticles
LUDOX HS-40(16 nm) and TEOS
hydrolyzedsilican(3 nm)
Commercial silver nanoparticles
(50-100 nm)

Synthesized TiO, (< 10 nm)

Commercial TiO, (30 nm)

Commercial MWCNT(dia:

9-12 nm; length: 10-15 um)

250 nm Linde Type-A zeolite

Synthesized mesoporous silica
nanoparticles (100 nm)

Polyamide single walled
aluminosilicate nanotubes

NanozeoliteNaX

HNT

silicalite-1 nanozeolite

zwitterion functionalized CNT

Modified carboxy-functionalized
MWNT

Synthesis method

IP with zeolite LTA in TMC hexane

IP with aeolite LTA in TMC-
isoparaffin
IP with zeolite A in TMC isoparaffin

IP with zeolite A in TMC-isoparaffin

IP with adding silican in MPD
agueous solution

IP with adding silver in BTC-HCFC

Self assembly of TiO, on the neat
MPD-TMC TFC surface

IP with adding TiO, in TMC-HCFC

IP with adding MWCNTs in MPD
ag. solution

IP with adding Zeolite A in aq.
solution of MPD, TEA, CSA,
SLS, IPA

Interfacial polymerization with
adding SiO, in TMC-cyclohexane

Ip followed by reacting different
imogolite concentrations in 0.01%
(w/v) TMC-hexane solution with the
top surface of the MPD-soaked
membrane

IP over PES support. Immersed in
ag MPD and then n-hexane soln
of TMC

IP by pouring MPD over PES
Support. TMC solutions in
cyclohexane then added to the
substrate

IP carried out between semi-
aligned functionalised CNTs over
PES support. Immersed in ag MPD
and non agq TMC.

IP over PES support. Immersed in
aq MPD and then n-hexane soln
of TMC

IP over PES support. Immersed in
ag MPD and then n-hexane soln
of TMC

Properties

Smoother, more hydrophillic, higher water
permeability with equivalent salt rejection
More permeable, negatively charged,
thicker than PA TFC films

High water permeability, smooth interface,
limited bactericidal activity for AGA
membranes

Different post treatmentchanging the
molecular structure, commercially relevant
RO separation

Tunable pore radius, increasing number of
pores, higher thermal stability, high water
flux and low salt rejection

Slightly lower flux and higher rejection,
higher antibiofouling effect

Higher salt rejection and lower flux, higher
photocatalyticbatericidal efficiency under
UV light

Enhanced surface hydrophilicity,
comparable water flux and higher salt
rejection with limited amount of TiO,
Slightly lower salt rejection and flux;
improved chlorine resistance with
increase in MWCNT loading

(1) Smoother, more hydrophilic surfaces
(2) higher water permeability and salt
rejection, and (3) improved resistance to
physical compaction

High water flux and similar salt rejection

The hydrophilicity was increased as
observed in the enhancement in water flux
and pure water permeance, due to the
presence of hydrophilic nanotubes. With
the incorporation of the single-walled
aluminosilicate nanotubes, higher
permeate flux was achieved while
sustaining high rejection of monovalent
and divalent ions

The results showed improvement of
surface properties such as RMS
roughness, contact angle and solid-liquid
interfacial free energy, a decrease in fim
thickness and an increase in pore size and
water flux

Shows increase in hydrophilicity, surface
roughness and water flux. Higher loading
of HNT results in increase in flux, but
decrease in salt rejection

Excellent permeability and chemical
stability

Increased salt rejection and flux

Increasing loading showed increase in flux
without significant decrease in salt
rejection. Improvement in antifouling and
antioxidative properties

References

Li and Wang,
(2010)
Li and Wang,
(2010)
Li and Wang,
(2010)

Li and Wang,
(2010)

Li and Wang,
(2010)

Li and Wang,
(2010)
Li and Wang,
(2010)

Li and Wang,
(2010)

Zhang et al.
(2011)

Pendergast
et al. (2013)
Park K. T. etal.

(2010)

Barona et al.
(2013)

Fathizadeh
et al. (2011)

Ghanbari et al.
(2015)

Huang et al.
(2013a)

Chan et al.
(2013)

Zhao et al.
(2014)
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TABLE 1 | (Continued) Synthesis and properties of TFNs (Petersen, 1993; Kim et al., 2004; Louie et al., 2006; Ghosh and Hoek, 2009; Jadav and Singh, 2009; Zhou et al.,
2009; Park K. T. et al., 2010; Li and Wang, 2010; Fathizadeh et al., 2011; Kim and Deng, 2011; Rana T. M. D. et al., 2011; Zhang et al., 2011; Lau et al., 2012; Huang et al.,
2013a; KM E. S. et al., 2013; Alam et al., 2013; Barofa et al., 2013; Chan et al., 2013; Pendergast et al., 2013; Shen et al., 2013; Hermans et al., 2014; Zhao et al., 2014;
Ghanbari et al., 2015; Hermans et al., 2015; Safarpour et al., 2015; Shenvi et al., 2015).

Polymer matrix Nanoparticle Synthesis method Properties References
Polyamide(MPD—TMC) Reduced graphene oxide/TiO, IP over PES support. Immersed in  Improved water permeability, salt Safarpour
ag MPD and then n-hexane soln rejection, antifouling property, and et al. (2015)
of TMC chlorine resistance by increasing
hydrophilicity, negative surface charge
and roughness of PA layer
Polyamide(PIP-TMC) PMMA-MWNTs IP over PES support. Immersed in  — Shen et al.
aq PIP and thentoluenesoln (2013)
of TMC
NMP-PES nano-Fez04 Solution dispersion blending - Alam et al.
process and Pl (2013)
aPES/HBP HBP-g-sillica — enhanced the chlorine resistance of the KimK. S. et al.
RO membrane, improved water (2013)
permeability
- TFNs.Some of the most important membrane performance
1006 parameters have been discussed in the following subsections.
~ M TFC membrane .
I TFN membrane 45 These parameters depend upon many factors, some of which are

—@~ Ratios of TFN/TFC membrane
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FIGURE 5 | Year wise Publication status of TFNs (Liao et al., 2021).

et al,, 2008; Lind et al., 2009b). Addition of Ag,O nanoparticles not
only acts as biocidal agent but also improves the desalination
performance of the membrane (Al-Hobaib et al, 2015). Chou
used Ag NPs in CA matrix and Zodrow incorporated Ag NPs
into PSU matrix to improve biofouling resistance (Chou et al., 2005;
Zodrow et al.,, 2009).Table 2 provides a summary of the variety of
nanoparticles that are used in TFNs (Mills and Le Hunte, 1997;
Chou et al., 2005; Liu et al., 2008; Rahimpour et al., 2008; Zodrow
et al., 2009; Paz, 2010; Zhu et al., 2010; Daraei et al., 2012; Kim E. S.
et al,, 2013; Huang S. G. et al., 2013; Jamshidi Gohari et al,, 2013;
Duan et al., 2015a).The various performance parameters that are
utilized in order to characterize TFNs have been discussed in detail
in Section 6.

6 TFN MEMBRANE PERFORMANCE
CHARACTERISTICS

Salt rejection and water flux are the two most important
parameters that are used to judge the performance of

surface roughness, hydrophilicity, surface charge density (Lu
et al., 2013; Safarpour et al, 2015). The performance TFNs
can be tailored as required by using different nanoparticles
as fillers in the thin film, or by even using different methods
to synthesize the membrane (Safarpour et al., 2015). Table 3 lists
the different types of nanoparticles used as fillers in TFN
membranes reported in literature. For each TEN, the water
flux and salt rejection at a particular percentage loading of
nanoparticles and the polymer matrix for the membrane is
also reported. The last two membranes in Table 3 are
exceptions, as they are not synthesized by IP method. Each of
the following subsections deals with commonly used
performance parameters.

6.1 Water Flux

The measurement of water flux in thin film nanocomposite
membranes was performed using a cross-flow membrane
module. The water flux was calculated using Equation 1:

F=V/(Ab), (1)

Where F is the pure water flux, V is total volume of permeated
pure water, A is area of the membrane, and t is the operation time
(Wu et al., 2010).

Nanoparticles in the thin film membrane can lead to an
increase in hydrophilic nature and decrease in cross-linking of
the membrane which consequently contributes to high flux of
water through the membrane. Increased water flux can also
depend upon the structure of the nanoparticle used. For
example, MCM-41 silica nanoparticles are porous in nature
(Yin et al, 2012). These pores inside the nano-particles
present in the thin film membrane can act as short pathways
for preferential passage of water molecules through the
nanoparticle (Yin et al, 2012). Water tends to move faster
through hydrophobic porous particles than hydrophilic non-
porous particles (Duan et al, 2015b).The nanomaterials
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TABLE 2 | Summary of nanoparticles used in TFNs (Fathizadeh et al., 2011; Daraei et al., 2012; Huang et al., 2013a; Kim E. S. et al., 2013; Alam et al., 2013; Barona et al.,
2013; Huang et al., 2013b; Chan et al., 2013; Shen et al., 2013; Zhao et al., 2014; Ghanbari et al., 2015; Safarpour et al., 2015).

Nanoparticle Aqueous phase Salt in feed Applied
pressure(psi)

multiwalled cnt; <8 nm diameter MPD 2%wt NaCl 1,000 ppm 100

halogen reactive, nitrogen from amines, imides, MPD 4%wt — —

sulfonamides

Zeolite A (0.4% w/v) (in organic phase) MPD 2%wt NaCl 2,000 ppm 180

Linde type A(LTA) zeolite nanocrystals MPD(2-3% w/v) TEACSA(6% w/v) SLS(0.02% w/v) IPA - NaCl 2,000 ppm 224.8

(0-29% w/)

TiO2(in organic phase) MPD (2%wt) NaOH(0.05wt%) MgSO, 2,000 ppm 87

Ag nanoparticles MPD(2%wt) NaOH MgSO, 2,000 ppm 125-250

0.2 w/w% zeolite-A nanoparticles in the TMC solution  MPD(2% w/v) TEA(2%)CSA(4% w/v) SLS(0.02% w/v) IPA - NaCl 10 mM soln 225

(10% w/v)

Polyhedral Oligomeric Silsequioxane(POSS) (in MPD(2wt%) NaCl 2,000 ppm 225

organic phase)

Oxidized MWNT
AluminoSilicate SWNT — NaCl and MgSO, 2,000 ppm —

each

nanozeolite NaX MPD - 175
HNT MPD 2% w/v NaCl 2,000 ppm 218
silicalite-1 nanozeolites MPD 2% w/v — —
zwitterion functionalised CNT MPD 2% w/v NaCl 1,000 ppm 530
Modified carboxy-functionalised MWNT MPD 2% w/v NaCl 2,000 ppm 232
Reduced graphene oxide/TiO» MPD 2%wt NaCl 2,000 ppm 218
PMMA-MWNTs PIP NaCl 2,000 ppm 145
nano FezO, NMP — —
mesoporous SiO, nano-particles sulfonated poly(arylene ether sulfone) NaCl 2,000 ppm 225
HBP-g-silica aPES-MPDA-TEA — —
nano ZnO MPD(2%)-TMC(0.1%) — —

possess high surface porosity resulting in improved salt rejection
capacity and reduced macro void formation.

Carbon nanotubes also facilitate high flux of water, as they act
like channels for transportation of water (Safarpour et al., 2015).
This reduces the water transport route as the water molecules can
enter into part of the multiwalled carbon nanotubes (MWCNTSs)
instead of passing through the entire PA film. Aggregation of
these nanoparticles might also lead to the formation of a network
inter-connected with other pores in the membrane leading to a
higher increase in water flux (Zhang et al., 2011).

6.2 Salt Rejection
For all the data reported, salt rejection is calculated using the
formula:

R=1-G,/Cp @)

Where R is salt rejection, C, is concentration of salt in the
permeate solution, and Cs is concentration of salt in the feed
solution (Wu et al,, 2010).

Salt rejection is governed by factors such as defects and
molecular sieving. Also, it is known that for transport of ions of
different valences through carbon channels with negatively charged
functional groups, ion exclusion depends more upon electrostatic
interactions (Donnan exclusion) rather than steric hindrance
(Shen et al, 2013). It is also known that high crosslinking in
the MPD-TMC (m-phenylene diamine—trimesoyl chloride) layer
causes higher salt rejection and lowerNaClpermeance (Duan et al.,
2015b).

As reported by Safarpour, increase in rGo/TiO, loading in thin
film membrane leads to decrease in roughness of membrane
(Safarpour et al., 2015). This is due to the increase in hydrogen
bonding between the hydrophilic nanoparticles and polyamide
layer. It was also observed that increase in nanoparticle loading
causes decrease in contact angle with water, which is an
indication of increasing hydrophilicity of membrane. This can
be understood based on the increase of surface charge density.
Another trend observed is how the pure water flux increases with
the increase in nanoparticle loading. This is expected as an
increase in hydrophilicity leads to increased flux (Safarpour
et al,, 2015).

6.3 Selectivity Versus Permeability
Permeability and selectivity are two major performance factors
for membrane technology. In improving the performance of
membranes, there is always a trade-off between these two
factors. In an attempt to achieve high levels of water flux, a
decrease in salt rejection is obtained. For example, work done by
Jun Yin shows a large trade-off between flux and salt rejection
(Yin et al, 2012). Pure water flux increases with percentage
loading of MWCNTs, from 20 LMH at zero loading of
MWCNTs to 71 LMH at 0.1% w/v of MWCNTs. Salt
rejection is observed to decrease with increase in loading of
MWCNTs, from 94% at zero loading of MWCNTSs to 82% at
0.1% w/v of MWCNTs.

The incorporation of nanomaterials could alter the
physicochemical properties of the membrane such as cross
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TABLE 3 | Water flux and NaCl rejection at given loading of nanoparticle fillers in TFN membranes (Fathizadeh et al., 2011; Daraei et al., 2012; Huang et al., 2013a; Kim E. S.
etal.,, 2013; Alam et al., 2013; Barona et al., 2013; Huang et al., 2013b; Chan et al., 2013; Shen et al., 2013; Zhao et al., 2014; Ghanbari et al., 2015; Safarpour et al.,

2015).
Filler Polymer matrix(for
membranes manufactured
by IP)
Zeolite particles(NaA) MPD-TMC
Linde type A-1 (NaA) MPD-TMC
AgA MPD-TMC
MWNT (conventional process) TEOA-TMC
MWNT (improved process) TEOA-TMC
Ag20 (max - flux condition) MPD-TMC
Ag20 (max - rejection condition) MPD-TMC
MgTiO3 MPD-TMC
AI203 MPD-TMC
Aluminosilicate single walled nanotubes MPD-TMC
HNT (max flux) MPD-TMC
HNT (max rejection) MPD-TMC
CNT MPD-TMC
Silica (mcm-41) nanoparticles (max flux) MPD-TMC
Silica (mcm-41) nanoparticles (max rejection) MPD-TMC
non porous spherical silica nps (max flux) MPD-TMC
non porous spherical silica nps (max rejection) MPD-TMC
Zwitter ion functionalised CNTs (max flux) MPD-TMC
Carboxy functionalised MWNTs (max flux) MPD-TMC
Reduced graphene oxide/TiO2 MPD-TMC
PMMA-MWNT PIP-TMC
POSS-1 (max flux) MPD-TMC
POSS-2 (max flux) MPD-TMC
POSS-3 (max flux) MPD-TMC
POSS-4 (max flux) MPD-TMC
ZIF-8 (max flux) MPD-TMC
ZIF-8 (max rejection) MPD-TMC
acidified MWCNT (max flux) MPD-TMC
acidified MWCNT (max salt rejection) MPD-TMC
Nano-ZnO MPD-TMC

nano-Fe304 (max flux condition)
nano-Fe304 (max rejection condition)

PES dissolved in NMP (not by IP)
PES dissolved in NMP (not by IP)

linkage, charge density and hydrophilicity. This provides specific
water pathways that could conquer the permeability-selectivity
trade-off. These facts are evident by the advantage of
polydopamine coating that provides ZIF-8 nanoparticles with
dispersibility in water (You et al., 2021) and other recent works on
TFN membranes (Jeon and Lee, 2020; Saleem and Zaidi, 2020;
Siew Khoo et al, 2021). Such TEN membranes exhibited
improved permeability in desalination.

Almost all studies that used hydrophilic nanofillers showed a
decreased contact angle in the TFNs, proving improved surface
hydrophilicity. With increase in zeolite loading from 0 to 0.4% (w/
v) the contact angle of zeolite-PA TFN membrane has been seen to
decrease from around 70° to 40° (Jeong et al., 2007). Other
examples of oxidized MWNTs-PA TFN membranes and silica-
PA TFN membranes have also displayed a significant reduction in
contact angle with increase in loading up to certain specific values
(Zhang et al,, 2011; Yin et al., 2012). This indicates enhanced water
permeability with an increase in nanofiller loading.

Two possible explanations have been proposed for the
decrease in the contact angle due to the nanoparticles (NPs).
The first ascribes the increased surface hydrophilicity to the
hydrolysis of acyl chloride resulting in the generation of

% Loading Water flux Salt rejection Salt solution Pressure psi
(L/m2.h) (%)

0.4(w/v) 0.95 920+1.9 NaCl 2,000 ppm 179
0.2(w/v) 66.6 920+ 0.5 NaCl 2,000 ppm 224.8
0.4 (W) 425 £1 93.5 1 NaCl 2,000 ppm 225

0.05(w/v) 2.6 +0.1 Not reported N/A 87

0.05(w/v) 45+05 Not reported N/A 87
0.03(wt) 40.43 £ 3 99 + 0.1 NaCl 2,000 ppm 225
0.03(wt) 40.43 + 3 99 + 0.1 NaCl 2,000 ppm 225
0.1(wt) 45 98 NaCl 2,000 ppm 225
1wt 5 88 NaCl 2,000 ppm 145
0.59 wt 24.6 96.24 0.034 M 232
0.1(w/v) 48 +3 80+3 NaCl 2,000 ppm 218
0.05(w/v) 36 +2 95+ 2 NaCl 2,000 ppm 218
0.1(w/v) 28.05 90 NaCl 2,000 ppm 232
0.05(wt) 46.6 97.9 NaCl 2,000 ppm 290
0.1(wt) 46 989 +3 NaCl 2,000 ppm 305
0.1(wt) 36 +£2 976 +2 NaCl 2,000 ppm 319
0.05(wt) 35+2 98.1+2 NaCl 2,000 ppm 334
20 wt 28.5 98.6 NaCl 1,000 ppm 530
0.1(wt) 28 +2 90 NaCl 2,000 ppm 232
0.02(wt) 51.3 99.45 NaCl 2,000 ppm 218
0.67 g/L 5 44 1 NaCl 2,000 ppm 145
0.4 w/v 33.£3 98.2+0.3 NaCl 2,000 ppm 225
0.4 w/v 271 14 98.9+0.2 NaCl 2,000 ppm 225
0.4 w/v 334 141 98.6 + 0.3 NaCl 2,000 ppm 225
0.4 w/iv 3.2 +07 959+ 0.6 NaCl 2,000 ppm 225
0.4 (wWA)  51.92+141 98.5+ 0.3 NaCl 2,000 ppm 225
0.1 (W) 36 +1.2 99.2 + 0.4 NaCl 2,000 ppm 225
0.1 (W) 71 82 NaCl 2,000 ppm 232
0.1 (W) 20 94 NaCl 2,000 ppm 232
0.5 wt% 32 98 Not reported 225
15(wt) 280 + 3 39 NaCl 2,000 ppm 145
10(wt) 75+ 3 68 NaCl 2,000 ppm 145

carboxylic acid functional groups. This phenomenon occurs
due to increasedcount of surface acyl chloride groups in TMC
that remain without reacting with the dimethyl pimelimidate’s
(DMP) amine group as a result of NPs hydrating and releasing
heat when in contact with the MPD aqueous solution (Kim et al.,
2000; Ghosh et al., 2008). The second suggests that the presence of
embedded hydrophilic NPs on the membrane surface offers
larger number of hydrophilic functional groups to the surface.

Along with hydrophilicity, the thickness and the cross-linkage
condition of the thin-film layer are key factors in determining the
water permeability and selectivity (Ghosh et al., 2008). Generally,
a lesserextent of cross-linking and thinner films offer higher
permeability. Incorporation of NPs in the PA matrix could
reduce cross-linking in the thin-film layer by disrupting the
reaction between amine groups and acyl chloride groups. Lind
showed through FTIR and XPS results that the cross lining in all
their TFN membranes were less compared to the corresponding
TFC membranes (Lind et al., 2010). However, it was put forward
that molecular sieving or defects could have played an
importantpart in the performance.

Furthermore, the inclusion of NPs may also produce
additional channels for the flow of water while excluding the
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FIGURE 6 | Improved antifouling behaviour through AA-modified TFN
membrane (Siew Khoo et al., 2021).

solutes. A higher value of water flux with constant salt rejection in
zeolite-A NP TFNs was reported by Jeong(Jeong et al., 2007). The
hydrophilic molecular sieving NPs may provide preferential flow
paths for water molecules. Yin showed that mesoporous silica
NPs with highly ordered hexagonal pores exhibit higher
permeability compared to nonporous silica NPs (Yin et al,
2012). The nonporous silica NPs resulted in cross linking
thereby increasing permeability compared to regular TFCs.
The increase in permeability was even higher for the
mesoporous silica NP TFNs.

It is desired to significantly improve permeability while
maintaining the same salt rejection. However, in order to
exploit the favorable properties of the NPs, it is necessary to
optimize the internal structure, size and surface properties while
ensuring suitable interfacial interactions with the polymer.

6.4 Antifouling
Extensive research has been conducted on incorporating
nanoparticles that reduce the fouling of membranes, hence
prolonging the duration for which the membrane can be used.
It is known that the antifouling ability is related to the hydrophilic
nature, negative charge and smoothness of the membrane (Shen
et al., 2013). The anti-fouling performance of membranes can be
evaluated by conducting filtration experiments. The membrane is
first compacted using distilled water. This ensures that an almost
constant permeate flux is obtained. This is necessary as the initial
flux affects the extent of fouling. A protein solution, for example
BSA (bovine serum albumin) that possesses synergistic fouling
effects, is then taken in the reservoir in order to conduct the
permeating experiment for a definite time period. The fouling
capacity is measured based on the decline in the flux with time
(Shen et al., 2013).

The incorporation of hydrophilic NPs into the PA structure
has been shown to increase hydrophilicity of the surface and
usually helps diminish surface fouling. Long term fouling tests

Thin Film Nanocomposite Membranes in Desalination

with silica particles, chloroform, and sodium humate have shown
TFN membranes to have a much lower flux reduction when
compared to TFC membranes (Rana D. et al., 2011). Extensive
research work has been conducted to investigate the antifouling
ability of TFNas shown in Figure 6 (Safarpour et al., 2015; Siew
Khoo etal,, 2021). In order to compare the antifouling properties,
water flux through a pristine RO membrane was compared to flux
through a TEN with 0.02 % wt. loading of rGo/TiO, under the
same applied pressure. The flux through the former dropped to
49% of its value whilst the flux through later decreased to 75% of
its value after 180 min of filtration (Safarpour et al., 2015). Hence
the presence of fillers in thin film membrane leads to better
antifouling resistance. Similarly, recent reports show how the
introduction of carboxyl-functionalized MWCNTs reduces
fouling (Zhao et al, 2014). This has been attributed to the
negative surface charge and greater surface hydrophilicity (Lau
et al., 2015).

6.5 Chlorine Resistance

Polyamide (PA) based membranes do not have a good resistance
to continuous exposure of oxidizing agents. Chlorine is widely
used as disinfectant in water treatment (Park et al., 2008).
However, chlorine is also a strong oxidizing agent and feed
water coming to membrane units from disinfection plants
contains chlorine. PA membranes cannot tolerate water having
chlorine even in the order of few parts per billion, and the
chlorine treatment is required to check the development of
biofilms on the membrane. Removing the chlorine from water
is an undesired option as this will increase the number of
treatment steps, and the overall cost of water treatment. Hence
there is a need to increase the resistance of membranes to chlorine
(Lau et al.,, 2015). In order to study the chlorine resistance of a
membrane, it is subjected to a high concentration of free chlorine
for a short time, which is essentially analogous to the exposure of
the membrane for a long time to free chlorine of low
concentration (Shen et al, 2013). In order to conduct this
study, chlorinate solution is prepared and, the water flux and
salt rejection of the required membrane, before and after
chlorination is measured and compared (Shen et al., 2013).

As reported by Safarpour et al. (2015), salt rejections before
and after exposure to sodium hypochlorite for pristine membrane
and TFN were compared to study the chlorine resistance
(Safarpour et al, 2015). The bare membrane (without any
modifications) showed a decrease in salt rejection from 95.4 to
65.38%, while the TFN membrane with 0.02% loading of rGo/
TiO, showed decrease from 99.45 to 96.4% (Safarpour et al,
2015).

Exposure to chlorine can cause ring-chlorination and
N-chlorination reactions which disrupt the symmetry of the
PA layer converting it from a crystalline state to an
amorphous one (Safarpour et al., 2015). This leads to larger
free volumes and flexibility of the PA layer that allow salt
molecules to pass through easily. On the other hand, the
intermolecular hydrogen bonds are amplified by interaction
between rGo/TiO, particles and membrane active layer
(Safarpour et al., 2015). This can provide obstruction to the
substitution of hydrogen with chlorine on the amide groups of

Frontiers in Chemistry | www.frontiersin.org

14

January 2022 | Volume 10 | Article 781372


https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Nambi Krishnan et al.

TABLE 4 | Summary of TFNs and their composition, performance, fabrication and applications.

Thin Film Nanocomposite Membranes in Desalination

TFN Particle size Loading wt%(best Fabrication Application Performance References
Filler Polymer performance) method
Oxidized MWNTs Pebax 1074 OD:20-40 nm; 0-20% of Coating + solvent ~ Water/oil Under 100 psi, optimal Wang et al.
or PVA L:5-15 pm polymer(10% of PVA)  evaporation emulsion water flux is 330 L/m2h, (2005)
separation organic solute rejection is
99.8%; Fouling
resistance T
Zeolite(NaA) PA 50-150 nm 0.004-0.4% (w/v)in 1P RO Surface hydrophilicity T; Jeong et al.
organic phase Pw T; Salt rejection no (2007)
change; New
concept: TFN
Ag NPs PA 50-100 nm 10% of polymer in P NF Water flux and salt Lee et al.
organic phase rejection no change; Good  (2007)
antibiofouling property
TiO2 (P25) PA 30 nm 1.0-9.0% (5.0%) P NF Under 87 psi, optimal Lee et al.
organic phase water flux is 9.1 L/m2h, (2008)
MgSO; rejection (95%,
2000 mg/L)
Silica(LUDOX PA 13.2 nm 5-28% of PA P Dioxane Pw 1; Solute rejection | Singh and
HS-40) solution Aswal, (2008)
filtration
Zeolite (NaA PA 50-250 nm 0.4% (w/v) in organic  IP RO Pw T; Salt rejection no Duan et al.
and AgA) phase change; AgA-TFN (20153a)
membranes exhibited
more hydrophilic and
smooth surfaces
Zeolite PA 97,212-286 nm  0.2% (w/V) in organic  IP RO Smaller NPs produced Lietal. (2013)
phase higher permeability
enhancements, but larger
NPs produced more
surface properties change
Silica PA 3-16 nm 0-0.4% (3 nm) and P RO Pw T; NaCl rejection ~\; Jadav and
0-0.5% (16 nm) in Thermal stability T Singh, (2009)
aqueous phase
Oxidized MWNT’s PVA OD:8-15nm; L. 10% of PVA Coating + Cross-  UF of oil/water ~ Pw T; Solute rejection Ma et al.
10-60 pm linking emulsion slightly decreased; (2010)
Cellulose Nanofibers OD: 5 nm; L 0.25 and 1.25% Suggested the presence of
<10 um of PVA directional water channels
through the interface
between filler and PVA
matrix
Carboxylic MWNTs Polyester OD<8nm; L= 0.05%(WA\) in Modified IP; O/ NF Pw T; Na,SO, rejection T, Wu et al.
10-30 um aqueous phase A/O Immerse support layer into  (2010)
organic phase before
conventional IP process
improved TFN
performance
MWNTs PA OD=9-12nm; 0.1,0.5,1,5% (w/v) IP RO Surfactant (Triton X-100) Park J. et al.
L=10-15pum in aqueous phase was used to facilitate the (2010)
dispersion of MWNTs;
Chlorine resistance T
Zeolite (LTA) PA ~250 nm 0.2% in organic P Seawater RO Under 800 psi, optimal Lind et al.
phase permeate flux is around (2010)
42 | /m2h, NaCl rejection
(99.4%, 32,000 mg/L);
Defects and molecular-
sieving largely govern
transport through zeolite-
TFN membrane
Functionalized Silica  PA — 0.04, 0.4% in P RO; PV Small-angle neutron Jadav et al.
aqueous phase scattering (SANS) was (2010)
used to study the
dispersion of silica NPs in
thin-film layer; Thermal
(Continued on following page)
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TABLE 4 | (Continued) Summary of TFNs and their composition, performance, fabrication and applications.

TFN

Filler Polymer
Functionalized PA
MWNTs

Oxidized; MWNTs PA
Metal alkoxide (TTIP,  PA
BTESE, PhTES)

Zeolite (NaX) PA
Hydrophilized PA
ordered

mesoporous

carbon (OMC)

Hydrophilic PA
macromolecules

+ Ag+

Ag NPs PA
Mesoporous silica PA
(MCM-41) and

nonporous silica
Proteoliposome with  PA
aguaporin

Aluminosilicate PVA
SWNTs

Zeolite (NaY) PA
Alumina NPs PA
Oxidized MWNTs PA
Zwitterion PA
functionalized CNTs
Carboxylic MWNTs PA

Particle size

OD = ~ 30 nm;
L1 =10-30 um;
L2 =

0.5-2.0 um

40-150 nm

11,000 Da

Several

nanometers

~100 nm; ~
100 nm

<150 nm

OD=27nm; L
> 200 nm

40-150 nm

~14 nm

OD = 5-10 nm;
L =10-30 ym

OD=15nm; L
=1um

Loading wt%(best
performance)

0.01-0.06% in
agqueous or organic
phase

0-0.2% (WA) in
agueous phase
0-5% in organic
phase

0.004, 0.01, 0.04,
0.2% (w/v) in organic
phase (0.2%)
0-10% in aqueous
phase (5%)

0.25% of (MDI +
PEQG) in organic
phase; 0.25% of
AgNO3 in aqueous
phase

Dispersed in
aqueous phase
Finally, 10% in PA

0-0.1% in organic
phase (0.05%)

10 mg/ml in aqueous
phase

0-20% (v/v) in PVA
solution

0-0.4% (W/V) in
organic phase (0.1%)

1% in organic phase

5% of PA

0, 9, 20% of
PA (20%)

Fabrication
method

P

P

P

Coating + Cross-
linking

P

P

Deposition + IP

Deposition + IP

Application

NF

RO

NF/RO

RO

NF

Seawater RO

NF

RO

RO

NF

FO

NF

Oil sand
process-
affected water
treatment

RO

RO

Performance

stability T; Pw T; NaCl
rejection |

Pw T; Solute rejection no
change; Nanogaps around
the external surface of
fillers provide a low
resistance solvent pathway
Surface hydrophilicity T;
Pw T; NaCl rejection |
Pore size T; Pw T; With
PhTES, Pw T, NaCl
rejection no change
Thermal stability T;
Hydrophilicity T; Pw T;
NaCl rejection no change
Hydrophilicity T; Protein
adsorption |; Pw T; NaCl
rejection |; Na2SO4
rejection slightly |

Good seawater
desalination performance;
Fouling resistance T;
Biofouling resistance T

Surface hydrophilicity T;
Pw T; Salt rejection no
change; Biofouling
resistance T

Surface hydrophilicity T;
Pw 1; Salt rejection no
change; Under 300 psi,
optimal permeate flux is
46.6 L/m2h, NaCl rejection
(97.9, 2000 mg/L); Porous
structures of filler
contributed significantly to
the water flux
enhancement

Pw T; Salt rejection no
change; Under 72.5 psi,
water flux is 20 L/m2h,
NaCl rejection (~97%,
584.4 mg/L)

Surface hydrophilicity T;
Roughness |; Pw T; Salt
rejection 7

Pw .~ \i; NaCl rejection

N\ /'; Surface

roughness /' \

Surface hydrophilicity T;
Pw T; Salt rejection no
change

Water flux T; Organic
fraction rejection T; Fouling
resistance T

Water flux and salt
rejection T; Under 530 psi,
optimal water flux is

48.8 L/m2h, NaCl rejection
(98.6%, 2,542 mg/L)

References

Roy et al.
(2011)

Zhang et al.
(2011)
Kong et al.
(2011)

Fathizadeh
et al. (2011)

Kim and

Deng, (2011)

Rana D. et al.
(2011)

Kim et al.
(2012)

Yin et al.
(2012)

Zhao et al.
(2012)

Barofa et al.
(2012)

Ma et al.
(2012)

Saleh and
Gupta, (2012)

Kim S. G.
et al. (2013)

Chan et al.
(2013)
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TABLE 4 | (Continued) Summary of TFNs and their composition, performance, fabrication and applications.

TFN Particle size Loading wt%(best Fabrication Application Performance References
Filler Polymer performance) method
OD <8nm; L= 3mg per membrane High electrical conductivity — de Lannoy
10-30 um sample (~400 S/m), NaCl rejection et al. (2013)
(>95%, 1000 mg/L), high
water flux; Biofouling
resistance T under electric
potential
Oxidized MWNTs PVA oD = 0, 5,10, 15% of PVA  Electrospinning + UF Water flux T; Organic You et al.
10-30nm; L = Cross-linking fraction rejection (99.5%);  (2013)
0.5-2 ym Good mechanical
properties
PMMA modified PA OD = 0-5.4 g/L in organic  IP NF Pw and selectivity T Shen et al.
MWNTs 20-30 nm; L < phase (0.67 g/L) (2013)
50 um
PMMA modified PA oD = 0.67,1.33,20g/Lin IP NF Under 145 psi, optimal Yu et al.
MWNTs 20-30 nm; L < organic phase (0.67) water flux is 69.7 L/m2h, (2013)
10 um NaySO, rejection (99.0%,
2000 mg/L)
Carboxylic MWNTs ~ PA OD<8mntm; L= 0-2.0 mg/mlin Modified IP; O/ NF Pw 7 \; Hydrophilicity Wu et al.
10-30 um aqueous phase (0.5) A/O /7 \v; Under 87 psi, (2013a)
optimal water flux is
21.2 L/m2h, NaxSO4
rejection (>70%,
5 mmol/L)
Amine functionalized PA OD=~5nm;L 0.01,0.05 0.1% in IP FO Hydrophilicity T; S value |;  Amini et al.
MWNTs =~50pum aqueous phase Pw and salt rejection T in (2013)
both AL-FS and AL-DS
modes
Zeolite (Silicalite-1) PA — 0-0.2% in organic P RO Pw, hydrophilicity, and Huang et al.
phase acid stability T; Silicalite-1 (2013a)
is superior to NaA in
fabricating TFN
Zeolite (NaA) PA — 0-0.2%(w/Vv) in P RO Water flux and salt Huang et al.
organic phase rejection T (2013b)
Aminated Zeolite PA < 100 nm 0.02% in aqueous P RO Pw 1; Chlorine resistance  Kim S. G.
solution T; Under 800 psi, water et al. (2013)
flux is 37.8 L/m2h, NaCl
rejection is 98.8%
(32,000 mg/L)
Zeolite A PA 250 nm 0.2% in organic P RO Pw and salt rejection T; Pendergast
phase Resistance to physical et al. (2013)
compaction T
Modified PA ~100 nm 0-0.07% in aqueous  IP NF Under 87 psi, optimal Wu et al.
mesoporous silica phase (0.03%) water flux is 32.4 L/m2h, (2013b)
Na,SO, rejection (> 80%,
5 mmol/L)
Mesoporous silica PA ~164 nm 0-0.1% (W/V) in P RO Pw and hydrophilicity T; Bao et al.
organic phase (0.1) Under 232 psi, optimal (2013)
water flux is 53 L/m2h,
NaCl rejection (>96%,
2,000 mg/L)
Aminated hyper PA ~7 nm 0.02% in aqueous P RO Pw T; Chlorine resistance ~ Kim K. S.
branched silica solution T; Under 800 psi, water et al. (2013)
flux is 34.5 L/m2h, NaCl
rejection is 97.7%
(82,000 mg/L)
Silica Fluoropolyamide — — 0-1.0% (W/V) in P NF Pw T; Na,SO, rejection Hu et al.
aqueous phase (0.1) /' \v; Under 87 psi, (2013)
optimal water flux is
15.2 L/m2h, NaySO,
rejection (85.0%,
2000 mg/L)
PA
(Continued on following page)
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TABLE 4 | (Continued) Summary of TFNs and their composition, performance, fabrication and applications.

TFN Particle size Loading wt%(best
Filler Polymer performance)
Aluminosilicate OD=~27nm; 0.05, 0.1, 0.2% (W/V)
SWNT L =150 nm in organic phase
Aminosilanized TiO,  PA ~21 nm 0.005, 0.05, 0.1% in
aqueous solution
(0.005%)
Organoclay (Cloisite  Chitosan — 0.5, 1, 2% in casting
15A and 30B) solution
Proteoliposome PEI ~107.8 nm 0, 50, 200, 400 in
containing Lipid-to-protein
Aquaporin Z ratio (200)
Carboxylic MWNTs PA oD = 0-0.1% in MPD
20-40 nm; L = solution
1-5 pym

IP, interfacial polymerization; PA:polyamide; PV, pervaporation; Pw, water permeability.

the aromatic polyamide membranes resulting in an increase in
the chlorine resistance of the membrane. TFNs having carboxyl-
functionalized MWCNTs as fillers have also been known to show
high chlorine resistance (Park J. et al., 2010). Interactions between
the carboxyl group and amide layer is understood to be the reason
causing this behavior. Table 4 attempts to summarize a majority
of the TFNSs reported in literature (Petersen, 1993; Mills and Le
Hunte, 1997; Kim et al., 2000; Williams, 2003; Kim et al., 2004;
Chou et al,, 2005; Wang et al., 2005; Louie et al., 2006; Jeong et al.,
2007; Lee et al., 2007; Ghosh et al., 2008; Lee et al., 2008; Liu et al.,
2008; Park et al., 2008; Rahimpour et al., 2008; Singh and Aswal,
2008; Ghosh and Hoek, 2009; Jadav and Singh, 2009; Lind et al.,
2009b; Zhou et al., 2009; Zodrow et al., 2009; Jadav et al., 2010; Li
and Wang, 2010; Lind et al., 2010; Ma et al., 2010; Park K. T. et al.,
2010; Park J. et al., 2010; Paz, 2010; Wu et al., 2010; Zhu et al.,
2010; Rana D. et al,, 2011; Rana T. M. D. et al,, 2011; Roy et al,,
2011; Kim and Deng, 2011; Kong et al., 2011; Pendergast and
Hoek, 2011; Zhang et al., 2011; Barona et al., 2012; Daraei et al,,
2012; Kim et al., 2012; Lau et al., 2012; Ma et al., 2012; Saleh and
Gupta, 2012; Yin et al,, 2012; Zhao et al., 2012; Alam et al., 2013;
Amini et al,, 2013; Bao et al., 2013; Barona et al., 2013; Chan et al,,
2013; Daraei et al.,, 2013; de Lannoy et al., 2013; Hu et al., 2013;
Huang et al., 2013a; Huang et al., 2013b; Jamshidi Gohari et al.,
2013; Kim S. G. et al,, 2013; Kim E. S. et al., 2013; Kim S. G. et al,,
2013; Liand Wang, 2013; Lu et al., 2013; Li et al., 2014; Pendergast
et al., 2013; Rajaeian et al., 2013; Shen et al., 2013; Wu et al,,
2013b; You et al., 2013; Yu et al., 2013; Wu et al., 2013a; Hermans
et al., 2014; Subramani et al., 2014; Zhao et al.,, 2014; Al-Hobaib
etal, 2015; Duan et al., 2015a; Duan et al., 2015b; Ghanbari et al.,
2015; Hermans et al., 2015; Lau et al., 2015; Safarpour et al., 2015;
Shenvi et al., 2015; NanoH20 and Inc. InterNano, 2021). The
arrows under the application column denote the performance of

Fabrication Application Performance References
method
IP (single Low Pw and salt rejection T; Barona et al.
pass flow) pressure RO Resistance to physical (2013)
compaction T
P NF Pw and selectivity T; Rajaeian et al.
Thermal stability T; Under ~ (2013)
110 psi, optimal water flux
is 12.3 L/m2h, NaCl
rejection is 54%
(2,000 mg/L)
Coating on PVDF  NF for dye Dye removal T; Adsoption  Daraei et al.
substrate removal is the dominating removal  (2013)
mechanism
PEI crosslinking NF Under 14.5 psi, optimal Lietal (2014)
water flux is 36.6 L/m2h
MgCl, rejection (95%,
100 mg/L)
P RO Hydrophilicity T; Water flux ~ Zhao et al.
T; Solute rejection no (2014)

change; Better antifouling
and antioxidative
properties

the TFN membrane as compared to the parent TFC membrane.
For example, in the first row, the fouling resistance of the
membrane with Oxidized MWNT nano-fillers increases when
compared with the fouling resistance of the TFC membrane
without the nano-fillers.

The following section discusses various desalination processes
and the use of TFNs along with specific modifications to improve
the desalination performance of the same in detail.

7 DESALINATION

It is estimated that only 0.8% of the water on Earth is freshwater,
while the seas and oceans constitute almost 96% of the water on
Earth (Greenlee et al, 2009). To address the increasingly
troublesome problem of water shortage around the world, it is
important to develop desalination technologies to make use of the
salty water from oceans and groundwater aquifers.

The feed water for desalination plants ranges from 10,000 ppm
TDS to 60,000 ppm TDS (Mickley, 2001). The concentration of
the feed water is the basis upon which desalination plants are
designed. Desalination process, energy costs, product recovery
and waste management are some of the design choices that are
made feed water in mind (Greenlee et al., 2009).

Desalination can be broadly classified into two basic methods;
thermal processes and membrane processes (Greenlee et al,
2009). Thermal processes include MED and MFD. MED
involves heat transfer between feed water and steam over
multiple stages with the aim to desalinate water (Kesieme
et al., 2013). The process is optimized with the aim to produce
the highest amount of fresh water with the least input of energy.
MSF is a commonly used technique which involves passing the
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feed water through a series of flash chambers to heat the feed
seawater, after which the condensate is collected separately (Van
der Bruggen and Vandecasteele, 2002). Even though MSF is easier
and more reliable than MED, it is more expensive and energy-
intensive (Sagle and Freeman, 2004).

Electrodialysis is a type of membrane process, where the water
is passed through a series of parallel cationic and anionic
membranes, and an electric current is passed through the
seawater to cause separation. This method is suitable only for
waters having low concentrations, like brackish water (Reahl,
2004). NF is another membrane based process, but cannot be
used as a treatment step on its own as it is not able to bring the
water down to drinking water standards (Bohdziewicz et al,
1999). Therefore NF is used in association with RO. RO is one of
the most popular membrane based processes, achieving salt
rejections of greater than 99% (Bates and Cuozzo, 2000). RO
membranes can be used for both seawater and brackish waters
(Greenlee et al., 2009).

The other methods of desalination are Capacitive
Deionization (CDI) andMVC (Bates and Cuozzo, 2000; Van
der Bruggen and Vandecasteele, 2002). CDI is an
electrochemical method in which the ions are separated by
electrosorption onto a porous charged electrode (Zhao, 2013).
While CDI has advantages like easy cleaning, low cost and good
mechanical properties, there is not enough data for
implementation on a large scale (Zhao, 2013). MVC follows
the same steps as MED or MFD, except that the vapor is
condensed into water using mechanical methods. The energy
produced by this is then in turn used to heat the feed. Although
this process has a high efficiency, it has some drawbacks like that
it is difficult to control and complex and so it is used only in
small-scale plants (Sagle and Freeman, 2004).

The following subsections compared the major desalination
techniques based on factors like energy demand and cost.

7.1 Energy Demands

Energy demand is one of the most important considerations that
need to be taken into account for desalination.RO consumes the
least amount of energy among MED, MSF and RO (Wade, 1993;
Wade, 2001). For RO membranes, energy is consumed in
pumping water across the membranes while in MSF and MED
energy is consumed in converting water to steam and for running
pumps (Sagle and Freeman, 2004). Energy consumption is also
affected by the salinity of the feed water (Ettouney et al., 2002).
Higher concentration of salt in feed water leads to larger osmotic
pressure. Larger osmotic pressure means a larger trans-
membrane pressure needs to be applied which in turn means
larger pressure needs to be applied by the pumps, leading to an
increase in the energy consumption (Sagle and Freeman, 2004).
The energy consumption of TFNs are improved compared to
TFCs for the separation process requirement (Subramani et al.,
2014).

While MED and MSF require thermal and electrical energy,
RO requires only electrical energy. Assuming water production of
290,000 m3/day, average total energy consumption (ATEC) in
MW (Mega Watt) for the three processes is graphically shown in
Figure 7A.

Thin Film Nanocomposite Membranes in Desalination

7.2 Cost

Figure 7B allows us to compare the three desalination
technologies: MED, MSF and RO, based on the energy
consumption and the water cost.The energy cost calculations
are based on a plant capacity of a volume 32,000 m*/day; and a
total dissolved solids (TDS) concentration of 42,000 mg/L. The
energy cost used is $0.053/kWh. The specific heat consumption
(abbreviated as SHC in the figure) is expressed in kWy, h/m® and
the specific electricity consumption (abbreviated as SEC in the
figure) is expressed in kW, h/m’. The water cost (abbreviated as
WC in the figure) calculations are based on a plant capacity of
volume 31,822 m*/day and a TDS concentration of 37,000 mg/L.
Energy costs are expressed in $1.5/m> (Sagle and Freeman, 2004).

It can be seen that RO has the lowest cost per unit volume. RO
membranes have a higher initial cost, but the end result is a higher
production rate as compared to MED and MSF (Ettouney et al.,
2002; Sagle and Freeman, 2004; Kesieme et al., 2013). In fact, it
has been concluded by Kesieme that even with the inclusion
of carbon tax in Australia, RO continues to be the most cost
effective of the discussed desalination processes (Kesieme et al.,
2013).

RO is the predominant technology used for desalination.
Figure 8 shows the (global) cumulative desalination capacity
trends (Zhao et al., 2020) and forecast up to 2030 (Shahzad et al.,
2019).It is a common practice to improve parameters like salt
rejection and permeate flux using various kinds of NPs. The
following subsection discusses such modifications that have been
reported in the recent times in detail.

7.3 Improvement in Desalination

Performance of TFNs

It is possible to improve the desalination performance of TFNs by
incorporating NPs like functionalized silica nanoparticles (SNs)
into the membrane. SNs can be synthesized in various sizes and
with differing surface functionalities like epoxy, amine and
hydroxyl. The chemistry, surface hydrophilicity and
morphology of TENs are affected by the various factors like
size, concentration and surface functionality of the used SNs
resulting in an increase in the permeate flux without any drastic
change in the salt rejection. Similarly, it is possible to incorporate
various other kinds of NPs in order to improve the desalination
performance of TFNs (Zargar et al., 2017).

A polyamide TFN has also been reported that has been
incorporated with multiwalled carbon nanotubes-titania
nanotubes hybrids (MWCNT-TN). The use of acid treated
MWCNT-TN as a filler in the PA membrane results in
improvement in the surface properties of the membrane
(surface charge, contact angle and roughness) resulting in an
increase in the water permeability with negligible change in the
salt rejection (Wan Azelee et al., 2017).

ZnO nanostructures like nanorods (R-ZnO), nanoflowers
(F-ZnO) and nanospheres (S-ZnO) have been shown to
improve the hydrophilicity of the TFN membrane with
increase in the ZnO loading. Amongst three nanostructures,
S-ZnO has the largest surface area and smaller size. TFNs with
S-ZnO incorporated in them were seen to possess the highest
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FIGURE 8 | Global cumulative desalination capacity trends and forecast
up to 2030 (Zhao et al., 2020).

permeate flux with good salt rejection, out of three types of ZnO
nanostructures (Rajakumaran et al., 2020).

Similarly, Na + functionalized carbon quantum dot (Na-
CQD) incorporated into the PA layer, resulting in a TFN
hollow fiber membrane has been shown to possess a much
larger effective surface area, a larger number of hydrophilic
O-containing groups in the PA layer and a less thickness of
the PA layer. These results in a better permeate flux of water
enabling use in the desalination of brackish water (Gai et al,
2019).

Another research work done on amino-phenyl modified
mesoporous silica NP based TFNs reported a 21.6% increase
in water permeability with a marginal decrease in salt rejection
(0.29%) compared to pure PA membrane under optimum AMSN
dosage of 0.25 g/L (Wang et al., 2019).
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FIGURE 9 | Pure water flux and NaCl permeability without and with acrylic acid (AA) monomer on the PA surface of TFN membrane (Siew Khoo et al., 2021).
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With MOFs

TFC membranes modified with Cu-Al layered double
hydroxide nanofillers were found to be less negative than the
usual TFC membranes and a substantial improvement in the
anti-fouling properties was observed indicated by an
improvement in water flux by 14% (Tajuddin et al,, 2019).

Biopolymer based nanocomposite films, which consist of
single dimensional palygorskite (PAL) nanorods and double
dimensional montmorillonite (MMT) nanoplatelets in the
sodium alginate (SA) film resulted in an enhancement in the
tensile stress and the capacity of water resistance of the film
(Huang et al.,, 2018).

All of these above examples showcase some of the numerous
recently developed mechanisms to enhance the applicability of
thin film nanocomposites in desalination applications by
improving the various properties like water permeability and
salt rejection of the membrane(Figure 9).However, TFNs

continue to have some limitations, especially those concerning
the adverse effects of desalination processes on the environment.
Some of these concerns have been discussed in Section 7.4.

7.4 Environmental Concerns

Thermal emissions, brine discharge and chemicals used in the
process all contribute towards environmental pollution (Van der
Bruggen and Vandecasteele, 2002). Thermal emissions are
directly related to the electric power consumption in the
process. Therefore, RO membranes show the least amount of
thermal emissions (Van der Bruggen and Vandecasteele, 2002).
The impact of brine discharge on the environment can be
determined by the temperature and salinity of the waste
stream (Van der Bruggen and Vandecasteele, 2002). Brine
released at high temperatures in fresh water bodies can
decrease the oxygen content of the water hence harming the

Frontiers in Chemistry | www.frontiersin.org 21

January 2022 | Volume 10 | Article 781372


https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Nambi Krishnan et al.

microorganisms present in the water. Since RO process does not
involve heating up the water like in MED or MSF, it causes less
harm to the environment in this aspect. When evaluating the
environmental impact, all chemical additives that have been
added to the water have to be considered (Van der Bruggen
and Vandecasteele, 2002). Chemicals that might be used to
reduce fouling or scaling, enter fresh water bodies, causing
pollution (Van der and Vandecasteele,
2002). Taking all factors into account, it can be seen that RO
is the least destructive to surroundings (Sagle and Freeman,
2004).

However, as seen in the previous section, RO involves water
wastage. In addition, the demineralized water obtained is
unhealthy and the process requires energy input. RO also
tends to make the water acidic and is unable to remove
chlorine, chloramines, volatile organic compounds (VOCs)
and pharmaceuticals. In fact, all conventional methods of
water treatment have drawbacks. Ultrafiltration is incapable of
removing dissolved inorganic components and involves high
energy costs. In microfiltration, fouling is a very serious issue
and requires regular cleaning. Similarly, in nanofiltration,
membrane fouling results in these membranes having a very
limited lifetime. Pre-treatment is often a necessity in the case of
nanofiltration (Das et al., 2014).

It has been suggested that CNT membranes possess various
favorable properties like anti-fouling function, low energy
consumption and self-cleaning functions (Das et al, 2014).
This makes them a good alternative to conventional water
treatment technologies and they might help in eradicating
the fresh water crisis very soon (Das et al, 2014)In the
following Section 7.5, the future scope of thin film
nanocomposite membrane and their requisite for design and
development towards commercialization for various applications
is elucidated.

water Bruggen

7.5 Future Perspective

Hoek introduced thin film nanocomposite (TFN) RO membranes
by incorporating nanoparticles in polyamide layer in 2007 (Jeong
et al, 2007). Since then, the new nanoparticles and
nanocomposites were researched. The TFN membranes
exhibited greater potential in overcoming trade-off between
permeability and selectivity. The TFN membranes provided
improvement in chlorine resistance and antifouling properties
(wang et al., 2011).Despite such unique properties, dispersion of
hydrophilic nanoparticles and leaching of nanoparticles into
retentate and permeate has raised the environmental concerns
and need further research. As the world is facing shortage of
freshwater, thin film nanocomposite (TFN) membranes are
anticipated to accelerate desalination industry and it can be
extended as selective membranes for CO, separation (Wong
et al., 2016).The incorporation of functionalized fillers such as
GO, CNT, TiO,, Ag-TiO,, MOFs (Figure 10) or organic fillers for
specific applications has the potential to enhance membrane
performance (Kumar et al., 2020).Recently, an interlayer of
nanomaterials (TFNi) membranes showed extraordinary
improvement in water flux and selectivity that can be used for
the removal of heavy metals and micropollutants at a large scale

Thin Film Nanocomposite Membranes in Desalination

(Yang et al., 2020).In the near future, high impact TFN
membranes with antifouling and biofouling properties,
chemical resistance, improved mechanical strength and
thermal stability need to be produced by either predisposition
of new types of functionalized nanofillers or organic fillers
compatible with selective layers of respective membranes. Such
design and development of TFN membranes may pave way for
more robust membrane systems with increased performance and
long term durability providing precise solutions for various
commercial water treatment challenges.

8 CONCLUSION

The utilization of nanotechnology in different environments has
upgraded the present day environmental engineering and science
together with a fresh set of technology that emerged from
nanotechnology. The emerged technology at nanoscale has
stimulated the advanced utilization of innovative and low-cost
techniques that are effective for separation techniques. TFNs are
obtained as modifications of TFCs. This modification is in the
form of nanoparticles being incorporated into a thin polyamide
(PA) dense layer at the top of the TFC membrane, aimed at
improving its performance. In particular for desalination, specific
modifications are generally made such that the permeate flux
increases with negligible changes in the salt rejection upon
nanomaterials incorporation. The full potential of a material
development is on its performance and feasibility. Both these
parameters are being answered in the PA nanocomposites
development. The TFNs are used diversely in all membrane
based desalination techniques. The transport properties of the
penetrants are highly modified with addition of nanoparticles.
The functionality of the membrane surface is targeted on specific
membrane foulants. A specific kind of requirement is always
being supported with a nanocomposites preparation. One of the
main limitations of the TFNs is the amount of loading of
nanomaterials and effective means for its distribution and
dispersion on the whole polymer matrix. The liberty to
functionalize the nanomaterials using several chemical groups
could also improve their homogenization inside the polymer
matrix. It appears that the choice of membrane materials for
future RO processes would depend largely on the desired
permselectivity and the targeted foulants. This review has
focused on a variety TFNs preparedand their enhanced
properties for addressing specified desalination requirements.
The feasibility of such robust technology specifically meeting
environmental impact and energy demands is widely discussed in
this review paving way for the progress in research towards the
development of new thin film nanocomposite membrane
synthesis and manufacturing methods for desalination
applications.
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Hyaluronan, the extracellular matrix glycosaminoglycan, is an important structural
component of many tissues playing a critical role in a variety of biological contexts.
This makes hyaluronan, which can be biotechnologically produced in large scale, an
attractive starting polymer for chemical modifications. This review provides a broad
overview of different synthesis strategies used for modulating the biological as well as
material properties of this polysaccharide. We discuss current advances and challenges of
derivatization reactions targeting the primary and secondary hydroxyl groups or carboxylic
acid groups and the N-acetyl groups after deamidation. In addition, we give examples for
approaches using hyaluronan as biomedical polymer matrix and consequences of
chemical modifications on the interaction of hyaluronan with cells via receptor-
mediated signaling. Collectively, hyaluronan derivatives play a significant role in
biomedical research and applications indicating the great promise for future innovative
therapies.

Keywords: hyaluronan, glycosaminoglycan, synthesis, interaction, signaling, degradation

INTRODUCTION

Hyaluronan (HA, formerly named hyaluronic acid) is an ionic, non-branched and multifunctional
heteropolysaccharide. Together with other low- or medium-sulfated representatives (heparan
sulfate, chondroitin sulfate, dermatan sulfate, keratan sulfate) and the high-sulfated heparin, the
non-sulfated HA belongs to the family of naturally occurring glycosaminoglycan (GAG)
biomacromolecules, the so called mucopolysaccharides. GAG are found throughout the body,
often in mucus and joint fluids, and as components of the extracellular matrix (ECM) and tissues of
vertebrates and invertebrates. GAG are localized also inside and on the surface of all cells. They are
involved in various biochemical processes such as cell adhesion, growth and proliferation, cell surface
binding, wound healing, or tumor metastasis (Dicker et al., 2014).

Compared to sulfated GAG, HA is a structurally uniform natural macromolecule and due to
established biotechnological production processes it is readily available in higher quantities (Badri
etal,, 2018). Despite the progress achieved in the total synthesis of complex oligomeric carbohydrates
(DeAngelis et al., 2013; Mende et al., 2016; Fittolani et al., 2021), HA represents an ideal starting
material for the chemical conversion into other hardly accessible, mainly high-sulfated GAG or
carbohydrate-analogous polymeric molecules mimicking their function, e.g., in the interactions with
proteins like mediator molecules (e.g. cytokines).

There are two main features of HA that have contributed to its attractiveness as a biomaterial.
Firstly HA can act as a passive structural molecule. Due to its macromolecular size, the marked
hygroscopicity and viscoelasticity, HA is able to modulate tissue hydration, and to act as an osmotic

Frontiers in Chemistry | www.frontiersin.org

27 February 2022 | Volume 10 | Article 830671


http://crossmark.crossref.org/dialog/?doi=10.3389/fchem.2022.830671&domain=pdf&date_stamp=2022-02-11
https://www.frontiersin.org/articles/10.3389/fchem.2022.830671/full
https://www.frontiersin.org/articles/10.3389/fchem.2022.830671/full
http://creativecommons.org/licenses/by/4.0/
mailto:Vera.Hintze@tu-dresden.de
mailto:ms@innovent-jena.de
mailto:sandra.rother@uks.eu
https://doi.org/10.3389/fchem.2022.830671
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org/journals/chemistry#editorial-board
https://doi.org/10.3389/fchem.2022.830671

Hintze et al.

balance. As a component of the ECM, HA can provide an
extracellular space, where cells and various other ECM
compounds like collagen or elastin fibers are firmly
maintained. In an active way, HA is able to act as signaling
molecule interacting with various receptor proteins, namely
extracellular and cellular hyaloadherins (Fallacara et al., 2018).
In this function HA is involved in angiogenesis, cell migration
and motility, and tissue organization. It also plays a role in
inflammation and stimulation of cytokine activity.

Secondly, HA can be functionalized and chemically modified
to present a range of physical characteristics with wide-ranging
solubility and even mechanical properties. HA is highly soluble in
aqueous media, especially at low pH, and it has a high rate of
turnover in human tissue. At higher concentrations HA forms
physically crosslinked gels of often unsatisfactory mechanical
stability.

Both, the relatively rapid degradability of HA in living tissues
and its low mechanical stability are often a challenge for the broad
applicability of HA in the clinic as a versatile biomaterial.
Classical applications of HA include currently injections into
joint spaces for the treatment of osteoarthritis or into the eye to
increase the viscosity of the vitreous humor as well as wound
carrier materials based on HA-esters or crosslinked HA
derivatives.

The synthesis of new HA derivatives should take into account
the multifunctionality of the HA molecule by selecting highly
regioselective syntheses applying mild reaction conditions.
Special attention should also be paid to the properties of
native HA as its excellent biocompatibility, adjustable
biodegradability, and mucoadhesivity.

Based on the structural peculiarities and the multifunctional
character of the high molecular-weight HA molecule, recent
advancements in the selective chemical functionalization of
HA are presented in the following. These selectively modified
derivatives are intended, on the one hand, to mimic more
complex GAG or GAG derivatives that can be synthesized
only in time-consuming multi-step syntheses and high
personal efforts. On the other hand, significant contributions
to the detailed understanding of important interaction processes
between GAG and their different reaction partners like ECM
proteins, intracellular proteins or specific growth factors
(Grosskopf et al., 2021) are expected.

OCCURRENCE, BIOSYNTHESIS, AND
DEGRADATION

GAG occur as the constituents of so-called proteoglycans (all
GAG members except HA) forming a large heterogeneous family
of macromolecules consisting of a central protein backbone to
which one or more unbranched GAG chains are covalently linked
(Pomin and Mulloy, 2018). In case of cell surface proteoglycans,
the protein core is membrane-spanning or lipid-bound, while
ECM proteoglycans are predominantly secreted. HA is widely
distributed in both prokaryotic and eukaryotic cells. Adult
humans contain about 15g of HA (Fallacara et al, 2018),
mostly occurring in skin, vitreous body of the eye, umbilical

Modification of Hyaluronan

HA synthase
_—

UDP-GIcA + UDP-GIcNAc + (HA), (HA),+4 + 2UDP

FIGURE 1 | Overall reaction of the chain elongation step during HA
biosynthesis.

cord, synovial fluid of articular joints, intervertebral disks, and
embryonic mesenchymal tissues. In addition, it is present in
further tissues such as heart valves, lungs, tendon sheaths,
bursas aorta, and prostate (Valachova and Soltés, 2021).

Biosynthesis of HA occurs in eukaryotic cells at the inner
surface of the plasma membrane catalyzed by a class of integral
membrane proteins, the HA synthases (HAS1, HAS2, HAS3;
Vigetti et al., 2014). These enzymes which contain both GlcNAc
(B-1 — 4) and GIcA (p-1 — 3) transferase activities, elongate HA
at its reducing end by repeatedly adding nucleotide [uridine-
diphosphate (UDP)]-activated GlcA and UDP-GIcNAc to the
nascent polysaccharide (Hascall and Esko, 2009). The overall
reaction scheme is given in Figure 1 (Schnabelrauch et al., 2013).
Finally, the synthesized HA is extruded through the plasma
membrane into the extracellular space. A comparable pathway
to produce HA is used by bacteria leading to HA with identical
structural features (DeAngelis, 2012).

The first pharmaceutically pure HA was produced from
rooster combs using the extraction and purification method by
Balazs (Balazs, 1979). Currently, industrial production of HA
mainly occurs by microbial fermentation (Boeriu et al., 2013)
using at first Streptococci strains A and C, and more recently,
various commercially available strains like Streptococcus equi, or
Streptococcus zooepidemicus and even genetically modified
bacterial strains (Moradali and Rehm, 2020; Manfrio-Netto
et al., 2021). Even though high amounts of HA occur within
the glycocalyx of all cells and in the ECM, the plasma HA levels
are usually low due to the rapid clearance of HA in the kidney and
liver (Fraser et al, 1997). About one-third of the total HA
amounts in the human body are subject to daily turnover. HA
degradation is mainly achieved by the activity of hyaluronidases,
which catalyze the hydrolysis of disaccharides at hexosaminidic
(B-1 — 4) linkages. In most tissues, among the six identified
hyaluronidases, HYAL1 and HYAL2 are the dominating ones.
Cell surface bound HYAL2 degrades high-molecular-weight HA
into HA fragments of around 50 disaccharide units (about
20kDa), which stimulate angiogenic and inflammatory
signaling pathways (Stern, 2004). After internalization of these
fragments into endosomes and transport to lysosomes, HYAL1
cleaves the HA fragments into small oligosaccharides before
further degradation by exoglycosidases (Stern et al., 2006).

GENERAL STRUCTURE AND PROPERTIES

HA is a negatively charged, unbranched and multi-functional
polysaccharide formed by repeating disaccharide units of D-N-
acetylglucosamine (GIcNAc) and p-glucuronic acid (GlcA)
linked by alternating (f-1—3) and (B-1—4) glycosidic bonds.
In contrast to the other members of the GAG family, HA is not
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sulfated. At physiological pH (around 7.4), most carboxyl groups
are deprotonated and, therefore, HA (pK = 3.2) is negatively
charged. In solution and at physiological pH value, the negative
charge of HA is balanced with different cations (e.g., Na*, K',
Ca*", and Mg2+). Furthermore, HA can chelate and neutralize
iron and copper ions, which are required for the Fenton reaction
and are responsible to form the most deleterious reactive oxygen
species (ROS) (Gligorovski et al., 2015). In the absence of iron and
copper ions, the formation of these hydroxyl radicals is supressed.
Moreover, HA can also neutralize ROS around leukocytes and
protect neighboring cells (Litwiniuk et al., 2016).

Concluded from experimental findings and supported by
various spectroscopic analyses and first data from energy
calculations as well as computer simulations at the beginning
of the 1990s, a twofold helix for HA was hypothesized to be
present in aqueous solution (Heatley and Scott, 1988; Scott et al.,
1991). The formed double helix is probably driven by interactions
between large hydrophobic patches on alternate sides of the tape-
like polymer and additionally by hydrogen bonding, forming
stable aggregates at biological temperatures in water (Scott, 1992).
This interplay of hydrophilic nature, hydrophobic portions, and a
strong network of hydrogen bonds (Figure 2) results in the
generation of an unstable P-sheet tertiary structure (Amorim
etal, 2021). Although rather simply structured, compared to the
other GAG, HA shows remarkable physico-chemical and
biological properties (Bohaumilitzky et al., 2017). It is a very
hygroscopic macromolecule able to tightly bind 15 water
molecules per disaccharide repeating unit (Jouon et al., 1995)
and has a great ability to retain water. Furthermore, HA shows a
very high and shear-dependent viscoelasticity, resulting in the
role of HA as an extracellular lubricant (Laurent et al., 1996).
These remarkable hydrodynamic properties are essential for the
biological function of HA to maintain tissue hydration, tension,
and integrity.

The molecular weight of HA is a fundamental molecular
parameter that has to be determined with high accuracy.
Especially, the biological properties of HA and its synthesized
derivatives largely depend on its molecular weight. Gel
permeation chromatography (GPC), a special form of size
exclusion chromatograpy (SEC), equipped with a multiangle
laser light scattering (MALLS) detection system is the most

commonly used analytical technique for determining the
average molecular weight and molecular weight distribution
(Botha et al., 2018; Schnabelrauch et al., 2021).

Depending on the biological source, HA may possess a very
high molecular weight of about 10” Dalton, e.g. as component in
articular cartilage or of the synovial fluid in healthy joints (Fraser
et al,, 1997). In the physiological situation, there is a rapid HA
turnover resulting in the constant presence of distinct forms of
HA of various molecular weight (Bohaumilitzky et al., 2017).
High-molecular weight HA (HMW-HA with molecular weights
ranging from 1,000-5,000 kDa) possesses anti-inflammatory,
anti-proliferative, anti-angiogenic, and immunosuppressive
properties (Dovedytis et al., 2020). Besides providing water
homeostasis, it modulates cell proliferation and differentiation,
and participates in several other important biological processes,
e.g. tissue regeneration, wound healing, epithelial integrity,
embryogenesis, plasma protein distribution, and matrix
structuring (Valachova and Soltés, 2021).

CHEMICAL MODIFICATION OF HA

General Remarks

HA, like the other GAG, is a multifunctional macromolecule
bearing primary and secondary hydroxyl, carboxyl, and N-acetyl
groups within each anhydrodisaccharide repeating unit and a
reducing sugar end group at the HA chain terminus (Figure 3A).
The carboxylate group is responsible for the anionic character of
the polysaccharide and makes HA soluble in aqueous solutions.
However, the presence of the ionic functionality in combination
with an intra- and intermolecular hydrogen-bonding network
makes HA insoluble in conventional organic solvents.
Nevertheless, it is possible to transform the sodium salt or the
acidic form of HA into tertiary or quaternary ammonium salts of
HA rendering such salts soluble or at least highly swellable in
aprotic solvents like N,N-dimethyl formamide (DMF) or
dimethyl sulfoxide (DMSO). These solvents usually allow
esterification reactions under nearly homogeneous reaction
conditions (Moeller et al, 2012). Some other solvent systems
like ionic liquids (Zakrzewska et al., 2010) have already been used
to modify other non-GAG polysaccharides or have been used for
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FIGURE 3 | Chemical structure of a HA disaccharide repeating unit showing the reactive functional groups (A) and presentation of simplified HA formulas with
reaction centers involved in the different modifications (B).

the extraction of GAG- and ECM-containing proteins as  of this type can form strong physical interactions which
supercritical carbon dioxide (Wang et al, 2017). Another  are broken when submitted to high shear forces (Huin-
aspect that must be considered when chemically manipulating ~ Amargier et al., 2005). Compared to native HA, the shear-
HA and other GAG is their sensitivity to oxidative agents as well ~ thinning behaviour of these HA derivatives is much more
as to thermal stress. marked. An important property of native HA is its

Opverall, the multi-functionality of HA (Figure 3B) combined = mucoadhesivity. Maintaining or improving mucoadhesive
with its limited solubility in organic solvents and its sensitivity to ~ properties of HA derivatives is initially important for the
enzymatic and thermal degradation make the discovery of  development of effective drug release systems. Through

selective chemical reactions a challenge for the synthetic chemist. ~ thiolation of HA not only mucoadhesiveness can be
In principle, HA can be modified by two different methods, = improved, but also properties as swelling capacity,
crosslinking, and conjugation. Both methods are based on the  stability, enzyme inhibition properties, and

same chemical reaction and differ in the fact that conjugation is ~ biocompatibility can be enhanced (Griesser et al., 2018).
characterized by grafting a single bond onto a HA chain whereas

crosslinking means that different HA chains are linked together . . .
by two or more bonds (Schanté et al., 2011). Crosslinking is a Controlled Degradation to Provide Suitable

well-known method to improve the mechanical, swelling, and Starting Hyaluronans for Chemical

rheological properties of HA. In this way, the degradation time of ~ Modification

HA materials is slowed down and their residence time at the  The high solution viscosity of native HA in aqueous or organic
respective application site is enhanced. Covalent crosslinking  solvents necessitates homogeneous reaction conditions as
provides the opportunity to provide hydrogels or cryogels, = complete solubility and good miscibility. Therefore, the
sponges, and other solid forms as scaffolds and drug carriers  controlled degradation of HMW-HA to starting materials with
whilst maintaining biological functionality over an adjustable =~ molecular weights of 500-20 kDa prior to chemical modification

period of time (Williams, 2014). reactions might often be an advantage (Schnabelrauch et al,
Conjugation involves a variety of chemical modifications, such ~ 2021). Retaining the original macromolecular structure in form of
as the introduction of special functional units including ether,  a degraded material free of undesired side products especially

ester or amide groups, the attachment of bioactive as well as  without non-saturated or oxidized moieties is essential. Further,
prodrug moieties, and last but not least the incorporation of  there is another critical point concerning the degradation as well
marker molecules like specific dyes. Often an approach to  asthe medical use of HA products. It is well accepted that HA can
chemically modify HA, contains both conjugation and cross-  modulate many biological processes including cell adhesion, cell
linking processes. migration, morphogenesis, tumorigenesis, cell survival,
In recent years, the introduction of additional anionic  apoptosis, and inflammation and that these biological effects
groups, especially sulfate half-ester groups in HA has  can (and often do) differ depending on the HA molecular
received much attention. Such highly-sulfated HA derivatives  weight (Cyphert et al, 2015; Fallacara et al, 2018). The
are able, similar to heparin and heparan sulfate, but in contrast ~ mentioned complications to ensure largely homogeneous
to unsulfated HA, to interact with biological mediator molecules ~ chemical HA modifications and the increasing application of
(e.g., growth factors) and positively influence biochemical =~ HA as a component of artificial matrices and in bioengineering
processes, e.g. wound healing (for a detailed discussion,  for tissue scaffolding, makes it necessary to develop procedures
please see one of the next chapters on interaction of leading to HA starting materials with a controlled range of
chemically modified HA with biological mediator  molecular weight and a narrow dispersity.
proteins). Another example is the grafting of long In the human body the degradation of HA is either specifically
hydrophobic chains onto HA. Amphiphilic HA polymers  mediated by a group of endoglycosidases, the so-called
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hyaluronidases or non-specifically by oxidative damage due to
initiation of reactive oxidative species (ROS) (Stern et al., 2007;
Fallacara et al., 2018). In recent years, several enzymatic
processes have been established to provide purified and
structurally characterized HA oligosaccharides in up to
milligram-/gram-scale quantities (Tawada et al, 2002;
Blundell at al. 2006; Koehling et al., 2016). Degradation
processes for HMW-HA have also been developed under
largely controlled laboratory conditions by means of
oxidative processes (Duan and Kasper, 2011). As oxidation
agents mainly ozone (Yue 2012; Rother et al, 2015) or
chlorine dioxide (Wyrwa et al., 2012) have been used. In
recent years, intensive studies have been performed about
acidic degradation of HA (Smejkalova et al., 2012a; Cozikovd
etal., 2017). Degraded HA with very narrow dispersity (Mw/Mn
< 1.23) covering a broad range of differently sized products
(420-3 kDa) could thus be obtained prior fractionation on a
preparative scale. Based on earlier work on the thermal stability
(Bothner et al, 1988; Lowry and Beavers, 1994), a simple
thermal degradation process for HA was recently established
(Kunze et al., 2010). Starting with a HA of weight-average
molecular weight (M,,) of 1,000 kDa the final M,-value of
low molecular weight HA (LMW-HA) can be adjusted by
choosing the processing time between 30 and 240 min
resulting in M,, from 500 to 6kDa (Schnabelrauch et al,
2021). Furthermore, automated solid-phase synthesis was
used to produce HA oligosaccharides from monosaccharide
building blocks, however, only in low amounts (Walvoort
et al., 2012).

Functionalization of the HA Hydroxyl Group

Alkylation Reactions

The modification of hydroxyl group containing biopolymers with
mono- and dialkylating agents to form ethers is a classical
reaction for many polysaccharides (Heinze et al., 2018). In the

HA chemistry this reaction is especially used for crosslinking
reactions resulting in hydrogels or scaffold materials (Figure 4).
The synthesis of HA ethers is limited to a few examples due to
harsh reaction conditions (pH 13-14) often necessary for the
etherification reaction. Water soluble alkyl derivatives of HA have
been prepared by reaction of HA with 2-alkyloxymethyloxirane
in DMSO under slightly alkaline conditions (Mlbochovd et al.,
2007). Another approach to HA ethers described the tosylation of
the primary hydroxyl group of HA followed by exchange of the
more reactive tosylate functionality by hydrophobic hexyl- and
pentadecyl ether groups, resp. (Lapcik. et al, 2010).
Carboxymethylated HA (CM-HA) can be synthesized in
analogy to other carboxymethylated polysaccharides (Yang
et al., 2010) by reacting HA with monochloroacetic acid under
alkaline conditions (Moeller et al, 2012). Degrees of
carboxymethylation (DScy) for HMW- and LMW-HA
ranging between 0.2 and 0.5 are obtained after a single
carboxymethylation step. A repeated carboxymethylation gave
a slight increase of the DScy;-values to about 0.6-0.8. As shown
by *C-NMR studies, carboxymethylation mainly took place at
the primary OH-group of HA. Molecular weight determinations
employed by GPC of the products confirmed a remarkable
decrease after both alkylation steps. A thioethyl ether
derivative was synthesized by reaction of ethylene sulfide
(thiiran) to the hydroxyl groups of HA under alkaline
conditions followed by addition of dithiothreitol (Serban et al.,
2008). This derivative shows a radical scavenger activity.
Silylation of polysaccharides has been recognized as an
effective method to prepare organic soluble derivatives and to
improve their hydrophobicity (Heinze and Liebert, 2001).
Silylation of HA has been reported to occur in a homogeneous
salt complex of HA with cetyltrimethylammonium bromide
(Scott, 1962). The silylation was performed in this salt
complex homogenously using hexamethyldisilazane (HMDS)
and DMSO as solvents (Zhang and James, 2005a) resulting in
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silylated HA materials characterized by high degree of
substitution (DS) values (above 2.5), relatively low molecular
weight loss, and solubility in non-polar organic solvents.
Furthermore, the silylated cetyltrimethylammonium HA can
be used as intermediate in an exchange reaction with aliphatic
acid chloride (from hexanoyl to stearoyl acid chloride) to prepare
HA esters (Zhang and James, 2005b). Trimethylsilyl chloride is
formed as leaving group. The HA esters are soluble in non-polar
solvents like xylenes.

Several difunctional agents have been used to crosslink
hydroxyl groups of HA via ether linkages (Figure 4)
forming hydrogels (Schanté et al, 2011; Collins and
Birkinshaw, 2013; Khunmanee et al., 2017). Among diepoxy
compounds used for the crosslinking of HA are butanediol-
diglycidyl ether (Xue et al., 2020), ethylene glycol-diglycidyl
ether (Oelschlaeger et al., 2016), polyethylene glycol diglycidyl
ether (Calles et al.,, 2013), polyglycerol polyglycidyl ether (Yui
et al., 1992) and 1,2,7,8 diepoxyoctane (Zhao, 2006). At
present, BDDE represents the most promising diepoxide
due to its easy availability and the capability to degrade into
non-cytotoxic fragments (De Boulle et al., 2013). Numerous
studies showed that crosslinking can be performed by
hemiacetal bonds using glutardialdehyde in an acetone-
water medium catalyzed at acidic conditions (Collins and
Birkinshaw, 2007). However, under the same conditions, the
hemiacetals can be hydrolyzed recovering the starting
materials (Schanté et al., 2011). HA crosslinking is also
performed with divinyl sulfone in alkaline solution (Collins
and Birkinshaw, 2007; Shimojo et al., 2015).

Esterification Reactions

The esterification of the hydroxyl groups of HA is often a
problem due to the incomplete solubility of HA in solvents
suitable for acylation reactions and the lower reactivity of the

Modification of Hyaluronan

secondary hydroxyl groups. Often more drastic conditions with
regard to increased reaction temperature and time are needed,
and in many cases only the primary hydroxyl groups are
involved into the reaction. This was documented in earlier
experiments on the esterification of HA with fatty acid
chlorides in DMF/pyridine (Kawaguchi et al, 1992
Kawaguchi et al, 1995). In a later study HA was esterified
with hexanoic anhydride under homogeneous reaction
conditions at room temperature for 2h (Smejkalova et al,
2012b). For this reason, the sodium salt of HA was
previously converted into the acid form to perform the
acylation in a completely dissolved state. Under the same
reaction conditions, the sodium salt was esterified in a
DMSO/water solution. The formed HA esters were elucidated
by means of nuclear magnetic resonance (NMR) spectroscopy,
and mass spectrometry. It was found that acylation in DMSO
regioselectively took place at the primary hydroxyl group of the
C-6 position whereas acylation in a DMSO/water solvent was
carried out both at the primary C-6 position, but also at the
secondary hydroxyl group of the C-4 position of the N-acetyl-
D-glucosamine unit.

The anhydrides of haloacetic acids have also been used to
prepare bromo- and iodoacetates of HA which are versatile
precursors for the formation of HA-based hydrogels (Serban
and Prestwich, 2008).

In further studies, often highly reactive acylation
components like imidazole-conjugated acids (Picotti et al,
2013) or mixed anhydrides (Huerta-Angeles et al., 2014)
have been used as reactive intermediates. In a similar
manner, it was also possible to graft acid-activated synthetic
oligo-esters derived from polylactides and poly (3-
hydroxyalkanoates), resp., to the primary hydroxyl group of
HA (Pravata et al., 2008; Huerta-Angeles et al., 2017). In a
simple approach using an octenyl succinate half-ester as
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reactive acylating reagent, an amphiphilic HA could be
synthesized in aqueous media (Eenschooten et al., 2010).

Unsaturated HA esters serve as promising building blocks for
the generation of novel supramolecular hydrogel networks with
potential applications in regenerative, cell-based research and
therapies (Highley et al., 2016; D’Amora et al., 2019; Kotla et al,,
2021).

HA (meth)acrylates (Figure 5) are versatile macromers to
generate functional coatings, and photopolymerizable scaffolds
(Schnabelrauch et al., 2021). They can be prepared in a classical
way by reaction of HA with methacrylic anhydride under pH
values of 8-11 and ice cooling (Smeds et al., 2001; Burdick et al.,
2005; Seidlits and al., 2010). The corresponding HA acrylate
could be synthesized with acryolyl chloride both as mentioned
above in a dichloromethane/water mixture (Qin et al., 2014),
and with addition of tetra-n-butylammonium fluoride as phase-
transfer catalyst (Becher et al., 2013). In analogy to non-
derivatized HA, the sulfated derivatives with different degree
of sulfation (DS: 0.9-1.4) can be (meth)acrylated in the same
manner (Rother et al., 2017a). Further, HA esters of unsaturated
carboxylic acids as pentenoates (Mergy et al, 2012) and
maleates (Vasi et al., 2014) are available by treating HA with
the corresponding acid anhydrides (see for example Smejkalova
et al, 2014). A series of HA vinyl esters, able to be
microstructured by two-photon lithography, have been
synthesized by lipase-catalyzed transesterification (Qin et al.,
2014).

Sulfate and Phosphate Esters

The biological properties of sulfated GAG are influenced to a
considerable extent by the degree of sulfation and the sulfate
group distribution within the disaccharide repeating units. In
particular, the higher sulfated GAG can only be isolated to a
limited extent with structural uniformity from biological
sources and they are accessible by total synthesis only at
extremely high time expenditure. For this reason, the
stepwise and regioselective sulfation of HA is a time- and

Modification of Hyaluronan

features of high-sulfated GAG (Scharnweber et al, 2015;
Townley and Biilow, 2018).

Experiments on the sulfation of HA were already carried out in
the 1950s (Balazs et al., 1951). In these early experiments, sulfuric
acid or chlorosulfonic acid were used as sulfating agents (Bedini
et al.,, 2017; Caputo et al,, 2019). These relatively drastic reaction
conditions did not result in a complete sulfation of all free OH-
groups but caused a partial degradation of the polymer chain.
Therefore, in more recent attempts, complexes of SO; with
organic amines, especially triethylamine (Satoh et al.,, 2004),
trimethylamine (Nagira et al, 2007), and pyridine (Magnani
et al,, 1996) or amides like DMF (Crescenzi et al., 2002a) were
used. The SO;-complexes are relatively mild reagents causing less
polymer degradation. Due to their different reactivities in aprotic
solvents, the sulfation of HA and other GAG is adjustable to a
range between 0 and 4. Preferentially, the sulfation is performed
in aprotic solvents like DMF after transformation of HA in its
tributyl ammonium salt (Magnani et al., 1998, Figure 6). Studies
on regioselectivity of this reaction proved that the primary
hydroxyl group reacts preferably. As shown by '*C-NMR, a
sulfation of secondary hydroxyl groups was detected in HA
sulfates only at a degree of sulfation (DSs) above 1.0 (Hintze
etal,, 2009). In addition to regioselective sulfation reactions, there
exist two other pathways for directing sulfate groups into specific
positions of HA hydroxyl moieties, namely 1) de-sulfation
reactions and 2) the use of protecting groups (Bedini et al,
2016; Bedini et al., 2017). Following the former route,
desulfation of a high-sulfated HA (DSs = 3.1) by means of
silylating agents like N-methyl-N-(trimethylsilyl)-
trifluoroacetamide ~ (MSTFA) or  N,O-bis(trimethylsilyl)
acetamide (BTSA) resulted in HA sulfates with DSg values of
1.5 and 1.6, resp., bearing the sulfate groups mainly at the
secondary hydroxyl groups as shown by C-NMR (Becher
et al,, 2010). In this context, it was found that the benzoyl
ester group is suitable to protect the primary hydroxyl group
of HA and subsequent sulfation leads to a sulfated benzoylated
HA (Becher et al,, 2010). Cleavage of the benzoate group under

cost-efficient approach mimicking important biological  mild alkaline conditions resulted in a HA sulfate with DSg values
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between 2.0 and 3.0. >C-NMR confirmed a complete sulfation of
the secondary hydroxyl groups and a free primary hydroxyl
group. A subsequent esterification of the differently sulfated
HA, for example, with (meth)acrylate groups result in mixed
HA derivatives bearing both sulfate and (meth)acrylate units in
different positions of the disaccharide repeating unit (Rother
et al., 2017a; Becher et al, 2012, Figure 7). The introduction of a
phosphate group into HA could be attractive for their application
to biochemical systems via mediation of GAG-protein
interactions. Although the phosphorylation of polysaccharides
is reported in several reviews (Xu et al., 2019; Zhou and Huang,
2021), only few studies describe the phosphorylation of HA and
give detailed characterization data of synthesized HA phosphates
(Dulong et al., 2004; Leone et al., 2012; Bojarski et al., 2019).
Phosphorylation is associated with several challenges that have
not yet been satisfactorily solved. For example, the reactivity of
conventional phosphorylating agents is significantly lower
compared to sulfating agents, which requires harsher reaction
conditions. At the same time, the tendency to crosslinking is
much more pronounced with phosphorylation than with

sulfation and hinders homogeneous reaction control. Chemical
phosphorylation of HA and other GAG remains a challenge for
the preparative polysaccharide chemistry.

Oxidation

Common oxidation reactions of polysaccharides have recently
been reviewed (Palhares et al., 2021). The periodate oxidation,
also called Malaprade oxidation acting on cis-diols which
changes the polysaccharide backbone, and leads to the
cleavage of the sugar ring forming corresponding carbonyl
moieties (Kristiansen et al., 2010, Figure 8). Another typical
regioselective oxidation of the primary hydroxyl group is
mediated by the 2,2,6,6-tetramethyl-piperidinyl-1-oxy radical
(Crescenzi et al., 2001; Pierre et al., 2017). The secondary
hydroxyl groups and hence the sugar ring form are left
unaffected. The actual oxidant in this reaction is the nitroxyl
radical in form of a nitrosonium cation, which is continuously
regenerated by another oxidant present in the reaction mixture.
The oxidation can thus proceed to a high yield with only a
catalytic amount of TEMPO (Jiang et al., 2000). In an improved
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FIGURE 8 | Selective oxidation of hydroxyl groups of HA.
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version, trichloroisocyanuric acid (TCC) is used as a secondary
oxidation reagent (Figure 8), both to activate and regenerate
TEMPO (Shan et al., 2021). Oxidized HA derivatives resulting
from both types of oxidation can serve as precursors for the
formation of drug releasing hydrogels (Zhang et al., 2011) or the
conjugation of proteins (Mero and Campisi, 2014).

Besides TEMPO, also periodinane (also called Dess-Martin
periodinane) can be used as a relatively mild oxidation agent
which similar to TEMPO is able to transform primary
hydroxyl groups from HA to aldehyde functions (Durana
2006; Sedové et al., 2013). Aldehyde-containing HA
derivatives have recently shown a high potential to prepare

et al.,

conjugates with different amines in drug delivery (Buffa et al.,
2018).

Functionalization of the HA Carboxyl Group

Esterification

Strategies for the modification of the carboxyl group of HA also
involve esterification and amidation reactions. Well-known
biomaterials synthesized in this context are the family of
HYAFF materials, especially the benzyl (HYAFF 11) and the
ethyl ester (HYAFF 7) of HA (Benedetti et al., 1990; Benedetti
et al, 1993). The HA esters have been prepared from the
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corresponding alcohols after dissolution of the quaternary HA in
an aprotic solvent (Campoccia et al., 1998).

The reaction of epoxides with the carboxyl group of HA is in
particular reported for the reaction with glycidyl methacrylate to
generate methacrylate ester under aqueous conditions with
catalytic amounts of triethylamine (Baier Leach et al, 2003;
Moeller et al, 2007). As shown by '>C-NMR studies
(Bencherif et al, 2008) at pH 7.4 two reactions occur
simultaneously, namely an irreversible  ring-opening
conjugation through the HA carboxylic group toward the
highest substituted carbon of the epoxide and a reversible
transesterification through the primary hydroxyl group of HA.

Amidation

Amidation of the carboxyl group of HA with amines, hydrazins,
and hydrazides is one of the most widely used method in the
synthesis of new HA amides (Schanté et al,, 2011), the design of
novel delivery systems (Oh et al., 2010), and also in HA carboxy-
based network formation (Burdick and Prestwich, 2011). To
initiate amidation, normally the carboxyl group of HA has to
be activated. Typical activation agents used are water-soluble
carbodiimides  like  I-ethyl-3-[3-(dimethylamino)-propyl]-
carbodiimide (EDC), often used in combination with 1-
hydroxybenzotriazole (HOBt) or N-hydroxysulfosuccinimide
(sulfo-NHS) (Bulpitt and Aeschlimann, 1999). Further
activating agents are 1,1'-carbonyldiimidazole (D’Este et al.,
2012), 2-chloro-1-methylpyridinium iodide (Magnani et al,
2000), 2-chloro-dimethoxy-1,3,5-triazine (Bergman et al,
2007), and 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-
methylmorpholinium chloride (D’ Este et al.,, 2014, Figure 9).
The advantages of DMTMM conjugation, as a powerful tool to
synthesize tyramine modified HA hydrogels, which are bio-
orthogonally crosslinked with horseradish peroxidase (HRP)
and hydrogen peroxide (H,O,) have also been demonstrated
(Loebel et al., 2015).

A versatile chemical methodology that allows attachment of
therapeutic drugs, reporter groups, crosslinking units, and other
bioactive moieties to HA was developed in the Prestwich lab.
Several mono-, bis-, and polyhydrazides have been attached at pH
4.0-4.75 in the presence of a water-soluble carbodiimide (EDC)
to HA (Prestwich et al., 1998). Under similar conditions dithio-
containing hydrazides like 3,3'-dithiobis (propanoic hydrazide)
(DTP) were attached to the carboxylic HA group (Shu et al., 2002,
Figure 10). In the subsequent reaction step, the corresponding
HA thiols are formed by addition of DTT. This disulfide cross-
linked HA hydrogel can be prepared under physiological
conditions without the addition of cross-linking agents and
without the production of byproducts.

Another approach to attach thiol groups to HA consist in the
reaction of the HA carboxyl group with cystamine in the presence
of EDC/NHS at pH 4-5 followed by cleavage of the disulfide using
DTT (Jin et al.,, 2010, Figure 10). Using this method, also cysteine
was attached via an amide linkage to the HA carboxyl group
(Kafedjiiski et al., 2007). As recently shown, such thiolated HA
derivatives are known for their mucoadhesive properties as well
as enzyme inhibitory, permeation enhancing effects in drug
delivery systems (Griesser et al., 2018).

Modification of Hyaluronan

Recently, a disulfide-based protecting group strategy for in situ
formation of stable HA hydrogels has been developed (Ossipov
etal,, 2010). In this work a central divalent protecting group, 2,2’-
dithiobis (ethoxycarbonyl), which links two identical molecules,
was used. The designed reagents allow mild and highly controlled
functionalization of HA with various types of nucleophilic
chemoselective groups (Ossipov et al., 2010). The used strategy
has been applied in later studies for the preparation of in situ
forming HA gels hybridized with nanoparticles (Kheirabadi et al.,
2015) or interpenetrating double HA-fibrin networks as an
injectable and biodegradable scaffold for cell proliferation and
differentiation (Zhang et al., 2016).

Modification of the N-Acetyl Group of HA
Deacetylation recovering the free amino group is the main
reaction type performed at the N-acetyl group of HA
(Sedlécek et al., 2020). Usually, deacetylation of HA occurs
with hydrazine sulfate at increased temperatures over several
days (Dahl et al., 1988; Crescenzi et al., 2002b). Recently, an
advanced procedure, using a hydrazine/hydrazine sulfate mixture
for deacetylation followed by the addition of iodic acid was
described (Zhang et al., 2013; Babasola et al., 2014, Figure 11).
In addition, partial deacetylation is also possible by treatment of
HA with NaOH (Wada et al., 1994). In all these cases a substantial
molecular weight decrease occurs. In contrast to chemical
methods of N-deacetylation, enzymatic processes of
N-deacetylation (Chen et al., 2009; Kim and Kim, 2011) occur
at mild conditions without massive molecular weight changes
(Sedlacek et al., 2020). However, this process requires enzymes
(HA-N-deacetylases) which are at present not well described and
commercially not available. Future progress in enzyme
technology will help to prepare deacetylated HA without using
hazardous and HA degrading chemicals. Several subsequent
reactions of the amino group of deacetylated HA including re-
acylation (Babasola et al., 2014) or Ugi-reaction to form novel HA
derivatives and hydrogels (Crescenzi et al., 2002b) have been
described.

Conjugation of HA by Reducing End Group

Functionalization

Advanced screening applications e.g., as microarrays, functional
molecular and cellular assays, as well as biosensors require the
attachment of HA to surfaces or other biomaterial scaffolds. In
this regard, specific conjugation of active molecules like markers
through the reducing end is desirable, as it effectively mimics the
cell surface presentation of HA motifs and avoids alteration of
HA-peptide interactions by chemical modifications along the
biopolymer chain, or by surface-imposed conformational or
spatial constraints. The most frequently used techniques for
this type of GAG functionalization are currently hydrazone
(Altgdrde et al, 2013; Peerboom et al, 2017) and oxime
(Novoa-Carballal and Miiller, 2012; Thakar et al, 2014)
ligation chemistry. Another procedure uses reductive
amination with eg., ethylendiamine dihydrochloride and
sodium cyanoborohydride (Clauder et al., 2020). Examples of
conjugation reactions are presented in Figure 12.
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HA functionalization at the reducing end can also be
performed with a thiol group, enabling direct immobilization
on gold and other metal surfaces and coupling to marker
molecules as biotin. The end group functionalization is
performed treating HA with cysteamine and using sodium
cyanoborohydride as reductive agent (Minsky et al., 2016).

Interaction of Chemically Modified
Hyaluronan With Biological Mediator

Proteins

The interaction analyses of sulfated and carboxymethylated
GAG derivatives with the biological mediator proteins
transforming growth factor-p1 (TGF-p1), bone morphogenetic
protein-2 and -4 (BMP-2 and -4) and osteoprotegerin (OPG)
were previously reviewed (Schnabelrauch al., 2013;
Scharnweber et al, 2015) and are briefly summarized here.
For these interactions, sulfation degree and patterns as well as
the structure of the sugar backbone were identified as major
determinants for binding strength as revealed by combining
immunobiochemical methods and surface plasmon resonance
(SPR) with molecular modelling (Hintze et al., 2009; Hintze et al.,
2012; Salbach-Hirsch et al., 2013; Hintze et al., 2014). Using the
complementary experimental methods, ELISA and SPR, with
either the GAG or the proteins immobilized it could be shown
that the derived GAG binding profiles match in general, excluding
effects due to immobilization of one interaction partner. HA
derivatives were found to interact stronger than the
corresponding CS derivatives with the same sulfation degree
(Hintze et al., 2009; Hintze et al., 2012; Hintze et al., 2014). Since
the natural CS used for sulfation contained 70% chondroitin-4-
sulfate and 30% chondroitin-6-sulfate, differences in the sulfation
degree of the C-4 position, next to different geometries of the sugar
backbone, were identified as possible reasons for this effect. Further,
the additional carboxymethylation of the high-sulfated sHA3 was
detrimental for the binding strength towards TGF-B1, which was
attributed to possible differences in the C-4 and C-6 sulfation due to
carboxymethylation preceding the sulfation reaction (Hintze et al,,
2012).

et

In case of BMP-2 and OPG the biological relevance of the
GAG/mediator protein interaction was further investigated by
including cell receptors or other natural interaction partners in
the SPR interaction studies, i.e. BMP-2 receptor-IA/Fc chimera or
receptor activator NF-kB ligand (RANKL) (Salbach-Hirsch et al.,
2013; Hintze et al., 2014). Here, the latter were immobilized on
the sensor surface and studied for their interaction with the
mediator proteins pre-incubated with HA derivatives. In both
cases, this resulted in a concentration- and sulfation-dependent
decrease of the binding response indicating that HA derivatives
interfere with the complexation of these natural interaction
partners and thus reduce the biological activity of the
respective biological mediators. For OPG, SPR findings on the
biological relevance were supported in a RANKL-induced in vitro
osteoclastogenesis model demonstrating a rescued osteoclast
formation after pre-incubation of OPG with sulfated GAG
(Salbach-Hirsch et al., 2013). In both cases, the integration of
computational methods revealed how sHA derivatives influence
the interplay of these mediators with their natural interaction
partners up to the atomic level.

This approach was subsequently applied on further biological
systems to gain a broader understanding of the structure-function
relationship of GAG in their interaction with mediator proteins
relevant to the healing process in bone and skin and the biological
consequences of these interactions.

The biological relevance of the GAG/TGF-p1 interaction was
further investigated by including its natural receptors TGF-f
receptor-I (TPR-I) and -II (TPR-II) (Koehler et al., 2017). As for
BMP-2 and OPG, sHA blocked binding of TGF-Pl to its
receptors in a concentration- and sulfation-dependent
manner, supporting a previous publication showing an
impaired TGF-P1 driven differentiation of dermal fibroblasts
due to TGF-P1 interaction with sHA derivatives (van der
Smissen et al., 2013).

The capability of GAG derivatives to modulate canonical Wnt
signaling, in particular the activity of the extracellular inhibitors
sclerostin  (SOST) and Dickkopf (Dkk-1) that promote
osteoclastogenesis and bone resorption, was evaluated utilizing
a combination of the abovementioned complementary methods
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(Salbach-Hirsch et al., 2015; Gronbach et al., 2020). SPR revealed
that GAG interact with SOST in a concentration- and sulfation-
dependent manner, with sHA3 being the strongest binder, while
high-sulfated CS (sCS3) and heparin demonstrated significantly
weaker binding (Salbach-Hirsch et al., 2015). In contrast, HA
binding was found to be marginal. The biological relevance was
verified in an LRP5/SOST interaction study and in an in vitro
model of Wnt activation showing a sulfation- and concentration-
dependent reduction in bioactivity due to the SOST/GAG
interaction via interference with sclerostin/LRP5/6 complex
formation.

The sulfation-dependent interaction of sHA3 with Dkk-1 was
demonstrated by SPR analysis (Gronbach et al., 2020). Further,
binding affinity was found to be comparable for those derivatives
containing an ATTO-565 fluorescent label to non-labeled sHA3,
while non-sulfated ATTO-labeled GAG showed negligible
binding responses towards DKk-1. This result was in line with
findings of the same study on a macromer-based film covalently
decorated with ATTO-labeled sHA3 efficiently scavenging Dkk-1
and displaying pro-osteogenic effects with SaOS-2 cells and
primary human mesenchymal stem cells (hMSC).

The interaction of polymeric and oligomeric GAG derivatives
with heparin-binding EGF-like growth factor (HB-EGF), a major
factor activating keratinocytes and dermal fibroblasts in skin
wound healing, was analyzed via SPR and molecular modeling
(Thones et al., 2019). While there was no binding detected for
non-sulfated HA, CS and sHA1 were found to interact with HB-
EGF. Interestingly, heparin displayed the same binding strength
as sHA1 albeit a higher sulfation degree. This indicated that next
to sulfation degree, the sulfation pattern and/or the structure of
the sugar-backbone might play a role. This was supported by the
interaction profiles of HA oligosaccharides with immobilized
HB-EGF demonstrating an interaction for those molecules
with at least one sulfate group at the C4 or C6 position of the

N-acetylglucosamine unit. In this case, the binding strength of
sHA tetrasaccharides increased with the degree of sulfation.
Importantly, the interaction strength of a persulfated
hexasaccharide was found to be than for its
tetrasaccharide counterpart, highlighting an additional effect of
chain length. These findings provided a rational for the
development of sHA1l-containing HA/collagen hydrogels that
were found to improve wound healing processes in vitro and
in a porcine skin organ culture model by the sustained release of
biologically active HB-EGF.

A particular striking example of how biophysical/biochemical
interaction analyses in combination with computational methods
and in vitro cell culture models move forward insights into the
mechanism of GAG action, are a compendium of studies regarding
the tissue inhibitor of metalloproteinases-3 (TIMP-3). First of all,
the molecular interplay of polymeric and oligomeric GAG
derivatives with TIMP-3 was demonstrated by SPR, molecular
modeling and hydrogen/deuterium exchange mass spectrometry
(Rother et al, 2016a). Interestingly, unlike for previously
investigated mediators, the interaction of sHA derivatives was
found to be of comparable strength than for the corresponding
sCS derivatives with the same sulfation degree. Importantly, this
interaction did not limit the capacity of TIMP-3 to inhibit matrix
metalloproteinase-1/-2 (MMP-1/-2) in enzyme kinetics, since no
overlap of the binding sites was revealed. These observations
pointed towards a novel strategy for controlling ECM
remodelling by GAG, eg in chronic wound situations, via
stabilizing and accruing TIMP-3, while maintaining its
inhibitory activity towards MMP activity. This hypothesis was
further corroborated by the observation that TIMP-3 directly
interacts with clusters of the endocytic receptor low-density
lipoprotein receptor-related protein (LRP-1) (Rother et al,
2016b; Figure 13A). GAG were shown to interfere with this
TIMP-3/LRP-1 complex formation in a sulfation-dependent
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manner. Further, sHA1 was found to increase the extracellular
TIMP-3 level of hMSC. Thus, sHA-containing biomaterials might
be promising to interfere with pathological matrix degradation and
thereby encourage wound healing. Finally, a novel mechanism was
identified by which GAG might control angiogenic processes
(Rother et al., 2017b; Figure 13B), which could be of interest in
angiogenesis-related diseases. By blocking the binding of both,
VEGF-A and the angiogenic inhibitor TIMP-3, to the VEGF-A
receptor VEGFR-2, GAG reduce the biological activity in a
sulfation-dependent manner. When TIMP-3/sHA complexes
were simultaneously forming, VEGF-A/VEGFR-2 signaling was
partially rescued. While labeling sHA3 with an ATTO-565
fluorescent label did not change the binding characteristics of
sHA3 with immobilized Dkk-1 as mentioned above (Gronbach
etal., 2020), acrylation significantly reduced binding strength of
the low sulfated HA derivatives, sHA1 and sHA1A6s, towards
immobilized VEGF-A in SPR analysis as well as in molecular
docking and dynamics (MD) simulations (Rother et al., 2021).
This was supported by a solid-phase binding assays with
immobilized GAG demonstrating a significantly negative
effect of acrylation for sHA1A6s suggesting that the presence
of acrylate groups alter the accessibility of the sulfate groups
and/or have a detrimental effect on the optimal carbohydrate
conformation. When translated to sHA-containing acrylated
HA/collagen hydrogels, this led to biomaterials releasing
biologically active VEGF-A in a defined manner depending
on the substitution pattern of the sulfated GAG. In turn
angiogenic processes like endothelial cell proliferation and
the formation of an extended morphology, indicating
sprouting, could be controlled. Together with the findings of
Thones et al., it can be concluded that multivalent carbohydrate-
based hydrogels containing acrylated sHA derivatives are
promising for reaching distinct growth factor delivery
profiles, increasing the healing capacity of vascularized tissues.

HA AS BIOMEDICAL POLYMER MATRIX

Native HA is biofunctional and forms viscoelastic biocompatible
and degradable polymer networks making it an interesting

material for medical and pharmacological applications.
However, modifying HA is especially favorable to overcome
certain limitations of native HA such as the quick enzymatic
degradation and rapid dissolution in water (Smejkalova et al.,
2012b). A higher enzymatic resistance as well as tunable solvation
profiles are often prerequisites for biomedical applications. The
simplest usage of HA is in form of solutions in physiological
buffers, where different properties are achieved by varying the
concentration as well as the molecular weight of HA (Nicholls
et al,, 2018). Hybrid complexes composed of thermally treated
HMW-HA and LMW-HA based on biophysical interactions
between hydrogen bonds of HA chains are explored as
injectable polymer matrix especially for the treatment of
osteoarthritis (Stellavato et al., 2019; La Gatta et al., 2021).

Chemical modification strategies targeting the preponderantly
present carboxylic acid groups, or primary and secondary
hydroxyl groups and, after deamidation, the N-acetyl groups,
give rise to HA derivatives with altered biological as well as
material properties (Figure 14). The introduction of hydrophobic
groups allows to encapsulate for example, hydrophobic drugs in
amphiphilic HA, which was used for active targeting and drug
delivery (Smejkalova et al., 2012b; Huerta-Angeles et al., 2014;
Kwag et al., 2014; Huerta-Angeles et al., 2016). Achieving tailored
HA properties depends on precise and effective synthesis
strategies. In this regard, functionalized HA can be used to
generate films and hydrogels after crosslinking with different
mechanical properties as sprays, wound dressings, scaffolds for
tissue engineering approaches or as anti-adhesive materials (Eng
etal., 2010; Gebe et al., 2017; reviewed in Burdick and Prestwich,
2011).

In addition, HA derivatives conjugated with metallic particles,
like gold nano particles, are explored for targeted treatment of
infected and cancer cells (Lee et al., 2012; Sanfilippo et al., 2020).
HA-protein conjugates using for example, growth factors have
been produced to mask the protein activity and to extend the
protein stability (Ferguson et al,, 2010; Altiok et al., 2016).
Commercially available degradation assays use immobilized
biotin-tagged HA as substrate to determine hyaluronidase
activities (Krupkova et al., 2020). Another way to use HA for
mimicking the native cell microenvironment is by physically
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entrapping HA of different molecular weights within a polymer
network like collagen fibers (Rother et al., 2015; Unnikandam
Veettil et al., 2021).

The negative charge of HA allows for non-specific
adsorption on cationic surfaces such as poly (L-lysine)-
coated substrates and layer-by-layer approaches (Dreaden
et al, 2014; Kocourkova et al., 2021). Bisphosphonate-
functionalized HA was used as injectable non-covalently
self-assembling hydrogel with reversible calcium binding
properties (Nejadnik et al., 2014). Surfaces coated with HA-
binding proteins like aggrecan globular domain 1 (HA binding
protein, HABP) or HA binding peptides allow for a more
selective capturing of HA, which can be used for potential
interaction studies eg. in form of enzyme-linked
immunosorbent assays and GAG-protein microarrays (Yuan
etal., 2013; Faust et al., 2018). HA derivatives with introduced
negatively charged residues like sulfate groups and networks
composed of HA covalently linked to sulfated GAG derivatives
like chondroitin sulfate are also exploited as platforms with
tunable growth factor presentation and release to direct
cellular behavior (Ni et al., 2015; Thones et al., 2019).
Furthermore, HA derivatives with covalently attached
fluorophores are widely applied as tools studying the
potential association and translocation of HA in biological
contexts (AlKhoury et al, 2020). Overall, modified HA
derivatives are widely used and explored in different
biomedical fields and applications repeatedly indicating the
great promise for future customized therapies.

Due to its transparency and its lubricating and hydrophilic
properties, HA solutions are often used during ophthalmic
surgery and for ophthalmic preparations such as eye drops
treating the dry eye syndrome (Huerta Angeles and
Nesporova, 2021). Furthermore, HA is widely applied as part
of contact lenses, for surface modifications of medical lenses and
for sustained drug release to treat eye-related diseases (Chang

et al,, 2021). Subcutaneous injections of HA solutions and in situ
forming hydrogels are applied in aesthetic dermatology for
reducing wrinkles, folds, and augmenting for example, lips
(Rah, 2011). In addition, viscosupplementation with HA
formulations is often used to treat osteoarthritis in the knee
and in other joints by reducing the mechanical stress on the joints
(Henrotin et al., 2015).

PERSPECTIVES AND CONCLUDING
REMARKS

In the last decades, the development of HA as a biomaterial has
been a major success due to the good industrial availability of
pure HA and its properties including an excellent
biocompatibility, an adjustable biodegradability,
mucoadhesiveness and viscoelasticity.

This review aims to provide a short overview about known and
suitable chemical methods to modify the natural GAG, HA,
which is of particular interest in the field of tissue
regeneration and regenerative medicine. Due to the mentioned
challenges of limited HA solubility in organic solvents and its
sensitivity to more drastic chemical reaction conditions with
regard to oxidative or thermal stress, and both strong acidic or
alkaline environment, the controlled chemical modification of
this multifunctional polysaccharide is still a challenging task.
Nevertheless, during the last decade, numerous regioselective
syntheses routes could be elaborated, which proceed with high
control of regioselectivity regarding the degree and the position of
substitution along the HA chain as well as with largely
preservation of the HA molecular weight. At last, this could
also be achieved by the advancement of modern polymer
analytics, especially high-resolution NMR-spectroscopy. A
current trend is the combination of conjugation and cross-
linking processes using bioactive molecules for applications in
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regenerative medicine, pharmaceuticals and bioengineering,
including cell and bioactive molecule delivery combined with
tissue engineering scaffolds (Knopf-Marques et al, 2016;
Fallacara et al., 2017). Although HA displays a great number
of potential applications, further studies and technological
advancement are necessary as there are still some open
questions to be answered. The key mechanisms that control
the molecular weight of HA during biotechnological synthesis
has to be clarified to develop methods for the production of
defined HA with uniform size (Fallacara et al., 2018). Also the
reproducibility of the preparation of HA derivatives during scale-
up processes has to be improved as a basis for their successful
commercialization.

A wide range of biological activities has been investigated
using modified HA derivatives and some of these applications are
highlighted in this paper. HA has a broad scientific capability and
especially the role of sulfated HA in viral infections, and the
potential of HA and other GAG to address numerous medical
and biotechnological challenges is becoming without any doubt
the focus of renewed attention.
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The second (lignocellulosic biomass and industrial wastes) and third (algal biomass)
generation feedstocks gained substantial interest as a source of various value-added
chemicals, produced by fermentation. Lactic acid is a valuable platform chemical with both
traditional and newer applications in many industries. The successful fractionation,
separation, and hydrolysis of lignocellulosic biomass result in sugars’ rich raw material
for lactic acid fermentation. This review paper aims to summarize the investigations and
progress in the last 5years in lactic acid production from inexpensive and renewable
resources. Different aspects are discussed —the type of raw materials, pretreatment and
detoxification methods, lactic acid-producers (bacteria, fungi, and yeasts), use of
genetically manipulated microorganisms, separation techniques, different approaches
of process organization, as well as main challenges, and possible solutions for process
optimization.

Keywords: lignocellulosic biomass, lactic acid, pretreatment, fermentation, separation

1 INTRODUCTION

The intensive economic growth during the past century is accompanied by high energy
consumption. Nowadays fossil fuels (coil, petroleum, and natural gas) are still the main energy
source and raw material for the production of various chemicals. The fossil fuels were formed and
stored underground for millions of years and their extensive use has led to the situation where the
present vegetation on Earth cannot treat the emitted carbon dioxide by photosynthesis (Damyanova
and Beschkov 2020). As a consequence, the strong emissions of carbon dioxide and greenhouse gases
affect and change the climate. One of the ways to cope with this global problem is to close the natural
carbon cycle using renewable sources as a platform for biofuels and chemicals production, and thus
enabling recycling of the biological sources and consumption of the resulting carbon dioxide by
photosynthesis (Beschkov et al., 2020).

A major step in the development of a sustainable, industrial society will be the shift from
dependence on oil to the use of renewable resources. In the prospect of environmental sustainability,
the utilization of agro-industrial waste residues as feedstock for the production of both biofuels and
basic synthetic chemicals in biorefineries has gained widespread attention (Yaashikaa et al., 2022). In
the long run, oil use can be eliminated and gas emissions reduced. The market share of
biotechnological processes for the production of various chemical products is expected to
increase in the coming years from 5 to 20%. Organic acids are a key group of chemicals that
can be produced microbiologically. Functional groups that need to be introduced through an
expensive multistage oil oxidation process are present in plant materials such as carbohydrates.
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FIGURE 1 | Applications of lactic acid in different industries (Newer application are given in italic).

-
-

DU—

Cellulosic biomass is an abundant and sustainable source of
valuable chemicals that are truly unique for making various
organic products. It includes agricultural wastes (corn stover,
spent grains, and sugarcane bagasse), some municipal solid
wastes (waste paper), wastes from forestry residues (mill
wastes and sawdust), herbaceous (switchgrass), and woody
(poplar trees) crops. Such materials are plentiful and accessible
in many regions of the world and can be competitive in price with
petroleum and thus opening up a new route to manufacturing
organic fuels and chemicals. Despite the high availability, the
degradation of biomass is a substantial challenge. Hence, it is
necessary to integrate several unit processes such as biochemical,
thermochemical, physical, and catalytic conversion to produce a
wide range of bio-based products (Velvizhi et al., 2022).

Lgnocellulosic biomass is composed of cellulose linear
chains formed from glucose units. Cellulose fibers are held

together with hemicellulose (branched heteropolymer formed
by various hexoses and pentoses) and lignin (complex
heteropolymer built from phenylpropanoid units). The
specific structure of lignocellulose restricts the access of
enzymes to cellulose and hemicellulose fibers and hinders
effective hydrolysis. In view to converting lignocellulose to
valuable chemicals by fermentation, this structure must be
destructed by some pretreatment. The purpose of the
pretreatment is to decrease the crystallinity of cellulose and
degree of polymerization, destruct hydrogen bonds between
fibers, and thus increase the area accessible for the enzymes’
action. The lignin should be at least partially removed and
cellulose and hemicellulose efficiently hydrolyzed to
fermentable sugars. Various pretreatment techniques have
been used with the goal of breakdown the lignocellulosic
complex and liberating sugars for further use.
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Lignocellulosic biomass of various sources can be used for
the production of different chemicals such as fuels (ethanol,
methane, hydrogen), enzymes (cellulases, amylase, protease),
high-value chemicals (hydroxycinnamic acid, lactic acid,
xylitol), etc.

The present review aims to summarize in-depth the latest
achievements in the field of fermentative lactic acid production
from renewable sources —various substrates, microorganisms
including gene manipulated, as well as process organization
and downstream techniques.

2 LACTIC ACID

Lactic (2-hydroxypropanoic) acid (LA) is a valuable platform
chemical with both traditional and newer applications (Figure 1).
It was widely used as a neutralizer, preservative, or acidulant in
food and beverage, cosmetic, pharmaceutical, and other
industries. Recently, lactic acid is applied as the building block
for various biodegradable polymers or precursor for
environmentally friendly solvents. The annual global market of
lactic acid in 2020 is valued at USD 1.1 billion with an increasing
tendency to double till 2025 (Lactic Acid Market by Application
(Biodegradable Polymers, Food & Beverages, Pharmaceutical
Products) 2020). The global market for lactic acid was
750.00 kilotons in 2017 and 1is projected to reach
1,845.00 kilotons by 2022 (Global Lactic Acid Market 2017-
2025 - Growth Trends, Key Players, Competitive Strategies
and Forecasts - Research and Market 2017).

Nowadays, lactic acid is produced by chemical or fermentation
way. In the chemical route (Figure 2A), lactic acid is produced
from petrochemical sources by a multistep reaction scheme. It
includes catalytic oxidation of ethylene, conversion of obtained
acetaldehyde to lactonytrile end its hydrolysis to a racemic
mixture of D (-) and L (+) lactic acid. Of course, there are
other methods for the chemical synthesis of lactic acid like
oxidation of propylene or propylene glycol, hydrolysis of
chloropropionic acid, but they are not economically and
technically feasible (Krishna et al, 2018). Fermentative
production of lactic acid is based on the conversion of
different sugars (glucose, lactose), starchy or lignocellulosic
hydrolysates by different microorganisms, mainly lactobacilli
(Figure 2B). Factors affecting lactic acid fermentation (pH,
temperature, nutrients, substrate, product concentrations, etc.)
are discussed in the review of Rawoof et al. (Rawoof et al., 2021).

- pH—for most lactobacilli the optimum value for effective lactic
acid production is between 5 and 7. Unfortunately,
accumulation of the lactic acid leads to decreasing pH, even
outside the optimum value, leading to a decrease in
microorganisms’ growth and lactic acid production.
Additionally, high lactic acid concentration inhibits cellular
metabolism. A decrease in pH could be overcome by
neutralization with strong bases like sodium, ammonium, or
calcium hydroxide, or low molecular mass water-soluble
amines. Another way is in-situ product removal during
fermentation. Discovering or engineering the acid-tolerant
strains is a challenge. This will permit to decrease the
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product inhibition, and overall cost of the process, eliminating

the use of neutralizers.
- Temperature—the temperature is an important factor for
bacterial growth and lactic acid production. Most of the
lactobacilli are mesophilic (25-40°C). An increase in the
operational  temperature will result in  decreasing
contamination and increasing substrate hydrolysis. Very
often, the optimal temperature for microbial growth differs
from that for maximal lactic acid production. The selection of
strains capable to grow at thermophilic (40-65°C) or extreme
thermophilic (65-80°C) conditions will be very favorable.
Media composition—the complexity of the fermentation media
(carbon and nitrogen sources, minerals, vitamins) is a factor
increasing the cost of lactic acid production. Carbon is an
indispensable element and the replacement of costly
individual sugars with cheap agricultural and industrial
wastes is a step towards decreasing the total cost. Nitrogen is
a major component in the anabolic and catabolic processes.
Usually, complex nitrogen sources like peptone, yeast extract,
and meat extract are used. Alternatives for cheap nitrogen
sources are corn steep liquor, hydrolysate of fish waste, and
wheat bran extract. DDGS (about 30% protein) is an attractive
alternative because its hydrolysis results in carbon sources and
nitrogen at a time. The ratio between carbon and nitrogen (C/
N) also is very important. An optimal C/N ratio results in a
positive effect on lactic acid fermentation. Usually, the optimal
C/N ratio is between 3 and 7 (Gomez-Gomez et al,, 2015),
(Gilver Rosero Chasoy et al., 2020), (Mejia-Gomez and Balcazar
2020).
Sugars concentration—at a high initial substrate concentration
some problems such as longer lag phase, decreased activity,
cellular lysis, and osmotic stress could occur, resulting in
reduced substrate consumption and low lactic acid
production. The effect of substrate inhibition can be
diminished by adding osmo-protective substances, fed-batch
fermentation mode, developing high sugars tolerant strains.
Substrates originating from lignocellulosic sources usually are a
mix of pentoses and hexoses. Lactic acid bacteria possess a
hierarchical pattern of sugar utilization—glucose is utilized first
and then other sugars. This leads to carbon catabolite
repression, a decrease in fermentation efficiency, and low
product concentration. The problem can be solved by using
pentoses and hexoses utilizing strains in co-fermentation mode.
Another way is isolating or engineering strains with increased
carbon catabolic repression resistance.
Effect of end- and by-product accumulation—the effect of
product accumulation and subsequences were discussed
above. Glucose and xylose are the main conctituents of
agrocellulosic hydrolisates. While glucose undergoes
conversion to lactic acid mainly by homo-fermentation,
xylose is converted by the hetero-fermentative pathway,
leading to the formation of by-products like ethanol and
acetic acid. The accumulation of by-products leads to a
decrease in lactic acid yield and an increase in the cost of
product recovery. Again, the selection of novel strains and
genetically modifying the existing strains to follow the
desired pathway is the possible solution to the problem.

Lactic Acid from Lignocellulosic Materials

- Sensitivity to toxic compounds—most of the pretreatment
methods lead to the formation of inhibitory
compounds—furfural, 5-hydroxymethyl furfural, levulinic
acid, formic acid, p-coumaric acid, ferulic acid, etc. These
compounds exhibit an inhibitory effect on the enzyme’s
action, cellular growth, and lactic acid production. Different
approaches can be used for elimination of inhibitory effect—use
of pretreatment methods leading to less liberation of inhibitors,
chemical or biological neutralization of the inhibitors, use of
adaptive evaluated, inhibitor-tolerant, or engineered strains.

Some bottlenecks hinder effective lactic acid production. The
major one is product inhibition. Accumulation of the lactic acid
leads to a fast drop in the medium pH, outside of the optimum
value for the producer strain. This results in low substrate
conversion and low final product concentration. The problem
may be overcome either by in situ product removal or by using
acid-tolerant bacteria. The cost of raw material and nutritional
additives are with the major contribution to the overall cost of
lactic acid. Usually, the pure sugars used as a substrate for lactic
acid fermentation are very costly and take part in the human food
chain. According to S. Tejayadi and M. Cheryan in the case of
lactic acid production from whey permeate, the cost of whey
(including transportation) was 35% and for yeast extract—38% of
the total cost (Tejayadi and Cheryan 2005). Akerberg and Zacchi
reported that the major operational costs (raw material,
saccharification, fermentation, and electrodialysis) contributed
about 80% to the total cost in case of lactic acid production from
wheat flour (Akerberg and Zacchi 2000). For using starch or other
natural polymers, like inulin, it is necessary either to hydrolyze it
to individual sugars or use lactic acid-producing bacteria with
relevant enzyme activity. In recent years, a new process for lactic
acid production attract the interest of researchers in the
field—catalytic conversion of lignocellulosic biomass. The
process is led in the presence of homogeneous and
heterogeneous catalysts at lower temperatures or under
subcritical conditions. For example, lactic acid production
from empty fruit palm oil bunch under hydrothermal
conditions in the presence of metal salts was described
(Sitompul et al,, 2014) and (Chin et al.,, 2016). In an extensive
and comprehensive review, Miki-Arvela et al. (2014) describe the
research since 2000 on the production of lactic acid from biomass
and its transformation to commodity chemicals. The mechanisms
in the production of lactic acid and its derivatives in the presence
of homogeneous and heterogeneous catalysts were described, as
well as reaction conditions, catalysts’ properties, stability, and
reuse. The authors also discussed some reactor technologies and
kinetic modeling of the processes in hydrogenation and
esterification of lactic acid.

In any case, it is clear that finding a cheap, abundant, and easily
accessible row material is a key factor for an effective and
economically profitable method for fermentative lactic acid
production. Lignocellulosic biomass especially forest biomass,
waste, and inedible plant materials, as well as various
agricultural crop residues, seems to be a promising substrate
for an effective and economically profitable method for
fermentative lactic acid production which non-competes with
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FIGURE 3 | Classification of biomass resources.

the human food chain. Recently, several review papers
concerning lignocellulosic biomass utilization as a source for
bio-based chemicals production have been published. (Tisma
et al., 2021; Banu et al, 2021; Haldar and Purkait 2020;
Usmani et al., 2021; Nwamba et al., 2021).

Regarding lactic acid production from lignocellulosic biomass,
there are some reviews published in the last 2 years considering
different aspects of the issue—microorganisms (Abedi and
Hashemi 2020), sources (Lopez-Gomez et al, 2020; Ajala
et al, 2020), pretreatment methods (Huang et al, 2021;
Mankar et al., 2021), separation (De Oliveira et al., 2020; Li
et al, 2021), techno-economic analysis (Li et al, 2021;
Manandhar and Shah 2020; Daful and Gorgen 2017), etc.
Thygesen et al. (2021) summarized recent data on the

valorization of municipal organic waste into purified lactic
acid - pretreatment, enzymatic hydrolysis, LA fermentation,
and downstream processing.

2.1 Problems and Obstacles in Fermentative
Lactic Acid Production From

Lignocellulosic Biomass
In every step of lactic acid production by fermentation from
lignocellulosic feedstocks, from pretreatment to separation, there
are various bottlenecks, which must be overcome for the
realization of an effective and low-cost process.

Regardless of the wundoubted advantages of using
lignocellulosic biomass as raw material for lactic acid
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production, like low cost and global availability, main problems
can be summarized as follows:

- in pretreatment step—-i) resistant nature of biomass and
difficulties in full separation of lignin from cellulose and
hemicellulose; ii) energy consumption, toxicity, and
environmental problems of some used chemicals; iii) release
of inhibitory compounds; iv) high cost of hydrolytic enzymes
and their product inhibition.

in fermentation step—i) nutritional requirements of lactic acid
bacteria; ii) carbon catabolite repression; iii) product and substrate
inhibition; iv) by-product formation in hetero-fermentation.

in separation and purification step—i) low concentration of
feeding stream; ii) more complex composition of fermentation
broth in comparison with first-generation LA production; iii)
high cost of downstream processes; iv) not all separation
methods are tested on second-generation LA; v) ecological
problems connected with classical precipitation separation.

More details for different problems and possible solutions are
given in (Cubas-Cano et al., 2018; Tan et al., 2018; Grewal et al,,
2020).

3 LIGNOCELLULOSIC FEEDSTOCKS

The term biomass generally includes the mass of organic material
in all living organisms on Earth (microorganisms, algae, plants,

and animals). The main building elements of biomass are carbon,
hydrogen, oxygen, and nitrogen, and similarly to fossil feedstocks,
the biomass can be used for various chemicals production.
Biomass is abundant and renewable and can be divided into
three groups (Figure 3). Primary resources are produced directly
by photosynthesis and taken from the land; secondary resources
result from the processing of primary sources and tertiary—post-
consumers residue streams. The greater part of plant biomass
consists of lignocellulose—a complex of three polymers
(cellulose, hemicellulose, and lignin) and a small number of
extractives, pectin, and ash. A sketch of lignocellulose
structure is given in Figure 4.

Cellulose is a linear polysaccharide comprising D-glucose
units, linked by P (1-4)-glycoside bonds (in contrast to a
(1-4) bonds in starch amylose). Cellulosic molecules are
located in parallel, forming primary fibrils, stabilized by
hydrogen bonds. The sections with a strictly parallel
arrangement and additional hydrogen bonding, are referred
to as crystalline, in contrast, to those in which such
arrangement is missing. The latter are called amorphous.
The cellulose fibrils can further interact to form cellulose
fibers. The cellulose is very stable and insoluble in water,
diluted acids, and the majority of common solvents, but is
soluble in concentrated acids, and alkali bases (for DP
smaller than 100).

Hemicellulose is a branched polymer built from different
saccharides—pentoses (xylose, arabinose), hexoses (glucose,
mannose, galactose) as well as some uronic acids (glucuronic,
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TABLE 1 | Composition of different lignocellulosic feedstocks.

Lignocellulosic biomass Cellulose% Hemicellulose % Lignin % Reference
Softwood chips (pine) 46.7 23.5 28.1 Wu et al., (2020)
Softwood pellets (spruce, pine, and fir) 42.4 21.6 27.5

Hardwood (aspen) chips 46 19 28 Wu et al. (2019)
Softwood (Lodgepole pine) chips 46.7 23.5 28.1 Wu et al., (2020)
Softwood (spruce, pine and fir) pellets 42.4 27.5

Sophora flavescens root 46.6 19.5 20.2 Ma et al. (2020)
Sugar palm trunk 40.1 16.5 27.2 Erliana et al. (2020)
Pine sawdust 24.9 31.5 36.6 Rapado et al. (2021)
Oil Palm Empty Fruit Bunch 29.4 14.4 22.7 Aini et al. (2018)

Date palm wastes

Leaves 59,1 16.7 16.1 Alrumman (2016)
Leaf bases 51.5 24.4 18.5
Fibrous material 43.2 12.8 241
Pulp mill residue 80.9 16.2 1.7 Moraes et al. (2016)
Orange peel waste 191 14.8 6.2 Bustamante et al. (2020)
Pressed recycled paper sludge 34.1 7.9 20.4 Marques et al. (2017)
Cassava bagasse 13.5 5.8 2.8 Chen et al. (2020)
Sugarcane bagasse 34.7 252 19.2 Wischral et al. (2019)
47.4 9.7 5.4 Oliveira et al. (2019)
41.4 32.4 8.3 Zheng et al. (2021)
13.5 26.0 22.5 Chen et al. (2020)
47.2 5.8 2.8 Baral et al. (2021)
43.8 19.6 27.7 Grewal and Khare (2018)
34.5 32.7 23.2 Gonzdlez-Leos et al. (2020)
36.6 16.0 32.1 Nalawade et al. (2020)
45.5 20.8 221 Nalawade et al. (2020)
33.0 22.3 29.9 Li et al. (2021)
39.6 26.2 23.4 Pin et al. (2019)
27.9 25.6 2.8 Azaizeh et al. (2020)
Bagasse sulphite pulp 73.8 14.3 5.9 Zhou et al. (2016)
Sweet sorghum bagasse 38.5 234 214 Wang et al. (2016)
Banana peel 14.0 13.0 17.0 Martinez-Truijillo et al. (2020)
Banan peel 12.2 10.2 2.9 Redondo-Goémez et al. (2020)
Banana rachis 23.0 1.2 10.8
Banana penduncle 35.8 20.7 6.16 Azaizeh et al. (2020)
Carob biomass 19.0 0.35 28.4 Azaizeh et al. (2020)
Brewers spent grains 16.8 28.4 27.8 Mussatto and Roberto (2006)
21.7 19.3 19.4 Meneses et al. (2013)
25.3 41.9 16.9 Silva et al. (2004)
21.9 29.6 20.6 Carvalheiro et al. (2004)
Corn stover 41.2 30.1 19.4 Rahman et al. (2020)
37.1 29.6 20.8 Zhang et al., 2020
31.3 26.9 16.4 Sun et al. (2021)
32.6 26.4 31.0 Cheng et al. (2018)
31.2 22.3 20.8 Han et al. (2019)
38.8 23.6 18.4 Ma et al. (2016)
45.0 21.0 17.0 He et al. (2016)
43.6 19.2 22.6 Zhang et al. (2021)
33.0 26.9 20.8 Wei et al. (2018)
40.1 15.1 18.3 Chen et al. (2020)
34.7 21.3 217 Shi et al. (2021)
Corn cob 37.0 34.3 16.4 Lin et al. (2020)
70.0 9.7 16.2 Alhafiz et al. (2020)
36.7 30.0 23.3 Séanchez et al. (2012)
32.6 31.7 16.9 He et al. (2017)
Wheat straw 411 37.5 13.5 Grewal and Khare (2018)
40.5 26.1 18.1 Cubas-Cano et al. (2019)
Rye straw 38.0 255 271 Schroedter et al. (2021)
Digestate of energy corn silage 29.3 22.4 33.5 Schroedter et al. (2021)
Sorghum straw 25.0 27.5 20.2 Wu et al. (2021)
Rice straw 33.3 23.3 17.5 Yao et al. (2007)
44.6 29.0 12.4 Jaichakan et al. (2021)
32.2 18.9 24.0 Younas et al. (2016)

(Continued on following page)
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TABLE 1 | (Continued) Composition of different lignocellulosic feedstocks.

Lactic Acid from Lignocellulosic Materials

Lignocellulosic biomass Cellulose% Hemicellulose % Lignin % Reference
34.2 17.2 21.4 Chen et al. (2019)
35.0 18.0 15.0 Yadav et al. (2021)
34.5 21.3 13.3 Tu et al. (2019)
Rice husk 47.6 19.1 19.3 Jaichakan et al. (2021)
Soybean hulls 35.8 23.1 9.1 Rojas et al. (2014)
Chestnut shell 27.6 16.7 275 He et al. (2016)
281 16.7 23.2 He et al. (2016)
Pecan nutshell 28.7 8.8 271 Qin et al. (2017)
Deoiled cottonseed cake 24.4 14.3 52 Grewal and Khare (2018)
Spent coffee grounds 24.3 24.8 13.5 Girotto et al. (2018)
10.8 28.3 10.7 Cruz-Lopes et al. (2017)
12.4 39.1 23.9 Ballesteros et al. (2014)
7.0 43.0 37.0 Koo et al. (2019)
Distilery stilage - Rye 16.8 29.6 15.6 Mikulski and Kiosowski (2018)
Wheat 18.6 34.1 9.5
Corn 32.2 20.9 3.2
Distillers spent grain -wheat 111 20.3 2.0 Zaini et al. (2019)

galacturonic acid). For example, the main components in
softwood hemicelluloses are built from hexoses and those of
hardwood from pentoses. The polymerization degree of
hemicelluloses is smaller than in cellulose. Hemicellulosic
polysaccharides are soluble in bases (10% KON or 18%
NaOH), dimethylsulphoxide, and in rare cases in hot water.

Lignin is a highly branched amorphous phenolic polymer
composed mainly of p-coumarin alcohol (H unit), coniferyl
alcohol (G unit), and sinapyl alcohol (S unit). Lignin is a highly
cross-linked polymer with long chains. The structure of lignin
differs considerably from its source (type of plant, and even
different parts of the same plant), for example, the lignin,
derived from softwood is built predominantly of G units,
hardwood lignin is mostly comprised of G and S units, while
lignin from grass contains all three units.

Cellulose fibers are stacked together by hydrogen bonds with
hemicellulose and pectin. Lignin interacts with cellulose and
hemicellulose not only by hydrogen bonding but with covalent
bonds and thus forming a rigid complex structure difficult for
chemical or biochemical degradation.

Lignocellulosic biomass differs considerably depending on its
origin. In general, the composition is cellulose 30-60%,
hemicellulose 20-40%, and lignin 15-25% (Norrrahim et al,
2021). Reshmy et al. (2022) discussed the selection of
lignocellulosic sources, advanced pretreatment methods for
various types of cellulose for use in cost-effective bio-refineries
for future industrial application. A short description of major
platform chemicals and biomaterials as well as different biofuels
such as biomethane, bioethanol, and biohydrogen, is given. In
Table 1 data for different lignocellulosic feedstocks composition
are summarized.

In what follows a brief data for the most used lignocellulosic
feedstocks are given.

3.1 Corn Residues
The world corn production for 2020/2021 is estimated at
around 1.125 billion metric tons (Shahbandeh, 2021a). It is

estimated that for each bushel of shelled corn 50 pounds of
corn residue (cobs, leaves, stalks, and husks) are also produced
(McCutcheon and Samples 2002). It means that an enormous
amount of corn residues are available for converting into
value-added products.

3.2 Brewer’s Spent Grains

Brewer’s spent grains (BSG) are the major by-product in the
brewing industry. The quantity of residue material in beer
production is about 24.4 kg per 100 L of beer produced (about
85% of total generated by-products are brewer’s spent grains or
approximately 20 kg per 100 L of beer (Reinold 1997)). The
worldwide beer production in the last decade is around
1.93 billion hectoliters (Conway 2021).

3.3 Sugarcane Bagasse

Sugarcane is a perennial grass mainly used for sugar production.
Annually around 1,89 billion tonnes of sugarcane are produced
worldwide and 250-270 kg of sugarcane bagasse are generated
from each ton of sugarcane (Wischral et al., 2019).

3.4 Spent Coffee Grounds

Coffee is surely one of the most popular beverages consumed in
the world. The volume of world coffee production in 2019/2020 is
estimated to be 163.7 million 60-kg bags (Shahbandeh, 2021b).
Approximately half (in dry weight basses) of the coffee is
separated in the form of spent coffee grounds during the
preparation of coffee beverages or the manufacturing of
instant coffee or instant coffee-making process (Kim et al,
2019). According to (Mussatto et al, 2011) 650kg of Spent
Coffee Grounds (SCG) are generated from each ton of green
coffee.

3.5 Distillery’s Dried Grains With Solubles

Distillery’s Dried Grains With Solubles (DDGS) represent the
most important by-product in bioethanol production. After
ethanol distillation, the thin stillage from the fermentation
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Pretreatment Methods

FIGURE 5 | Classification of biomass pretreatment methods.
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broth was decanted, and the solid is dried to produce DDGS. The
world bioethanol production (from sugarcane, wheat, corn, and
other feedstocks) in 2020 was estimated at around 100 billion
liters (Bio-ethanol market-growth, trends, covid-19 impact, and
forecasts (2021 - 2026) 2021). The production of the first
generation of ethanol is almost strictly differentiated by
countries (mainly from corn in the United States and
sugarcane in Brazil). Taking into account that from bushel
(25.4kg) grains about 8.2 kg of ethanol is produced, releasing
about 7.7 kg of DDGS (Jacques et al., 2003) it is easy to calculate
that about 73 million of tonnes DDGS are produced annually.

From the data presented above, it is seen that lignocellulosic
sources are released in enormous quantities and can be used as a
substrate for fermentative production of various value-added
chemicals after individual sugars liberating.

4 PRETREATMENT METHODS

The specific structure of the lignocellulose restricts the access of
enzymes to cellulose and hemicellulose fibers and hinders
effective hydrolysis. In view to converting lignocellulose to
fermentable sugars, the lignocellulosic biomass must be
subjected to some pretreatment. The purpose of the
pretreatment is to break down the structure of lignocellulose,

destruct hydrogen bonds between fibers, remove at least partially
the lignin, decrease the crystallinity of cellulose, and degree of
polymerization, and thus increase the area accessible for the
enzymes action, as well as efficiently hydrolyze cellulose and
hemicellulose. Different methods have been applied for the
pretreatment of lignocellulosic biomass (Norrrahim et al,
2021). In general, they can be classified into four main
groups—physical, chemical, physicochemical, and biological
methods (Figure 5). When the main goal of lignocellulosic
biomass processing is obtaining maximum fermentable sugars
as a substrate for fermentative production of value-added
products, pretreatment is an inevitable step. Usually, each
method  results in  different effects (delignification,
hemicellulose dissolution, etc.). The most important is that
there is no universal method for lignocellulosic biomass
pretreatment. This is due to the different compositions of
lignocellulosic biomass (ratio of main components and degree
of crystallinity of cellulose) from different sources (soft- and
hard-wood, agricultural, or industrial wastes). The compositional
differences influence the efficacy of pretreatment. The severity of
treatment (pressure, temperature, and acid or alkali
concentration) also lead to differences in the composition of
obtained hydrolysates as well as in the concentration of inhibitors
of enzyme hydrolysis and fermentation. Recently Zhao et al.
(2022) summarized the current state and the latest advances of
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lignocellulose pretreatment technologies and described several
new strategies for overcoming pretreatment bottlenecks for the
realization of highly efficient lignocellulose bioconversion.

In view to choosing an “optimal” pretreatment method, one
needs broad knowledge about the chemical composition of the
feedstock, but also the final aim of pretreatment. For example, in
case the fermentation step is done by an industrial strain non-
converting pentoses—lignin, and hemicellulose should be
separated from biomass before cellulose hydrolysis. In the case
of using a strain capable to convert pentoses or co-fermentation
removal of lignin should be enough. Usually, a combination of
two or more methods is used before the enzymatic hydrolysis of
lignocellulosic biomass.

4.1 Physical Methods

The main purpose of these methods is to reduce the particle size
of biomass, the crystallinity of cellulose, and the degree of
polymerization of cellulose and hemicellulose and thus
increasing surface area accessible for enzymes and biomass
biodegradability. Physical methods do not use any chemicals
and include different types of chipping, milling, and grinding, as
well as gamma- or microwave irradiation, and ultrasound
treatment. The main disadvantage of physical methods is high
energy requirements, especially on a large scale.

4.2 Chemical Methods

This group includes several methods, based on reactions between
lignocellulose biomass and various chemicals in the water phase.
This is the most applied group of methods and its main goal is to
reduce the amount of lignin and hemicellulose content in the
biomass.

4.2.1 Acid and Alkaline Hydrolysis

These methods are relatively cheap and easy to perform. Acid
hydrolysis of biomass can be done using diluted (0.5-5%) or
concentrated (10-60%) acids. Sulphuric and hydrochloric acids
are most employed. Smits et al. (2019) developed a fast method
for screening of optimal acid-pretreatment conditions in the
conversion of wood lignocellulose to sugar. Luo et al. (2021)
developed an artificial neural network model to simultaneously
predict the derived feature of phenolic compounds content and
glucose yield in lignocellulosic biomass hydrolysate from dilute
inorganic acid pretreatment and enzymatic hydrolysis. Also,
there are attempts to use some organic acids to avoid
problems with the corrosive action of the acids. While
hydrolysis with concentrated acids can be realized at low
temperature and normal pressure, dilute acid hydrolysis
require elevated temperatures and pressure.

Hydroxides like NaOH, KOH, NH,OH, Ca(OH),. Hydroxides
are less corrosive in comparison to acids and can be applied at
moderate temperatures and ambient pressure when the alkali
concentration is about 10-20%. At low concentrations higher
temperatures and elevated pressure are necessary. These methods
are considered better in deligninfication compared to acid
hydrolysis methods, whereas cellulose remains mostly intact,
and hemicellulose is affected depending on the severity of
treatment.

Lactic Acid from Lignocellulosic Materials

Another successful method for lignin separation is so-called
solvolysis. This technique uses some low boiling alcohols
(methanol, ethanol) or high boiling alcohols, like glycerol,
ethylene glycol, and butanol. Some ketones—acetone, methyl
isobutyl ketone, and organic acids (formic, acetic, oxalic) are
also utilized. Methods applying low boiling chemicals require
high temperatures (150-250°C) and pressure. After solvolysis
pretreatment, the lignocellulosic biomass separates into three
fractions—precipitated lignin, solid cellulosic pulp, and liquid
phase, containing hemicellulosic sugars (Goh et al., 2011). Sidiras
et al. (2022) reviewed organosolv pretreatment methods and the
optimization of feedstock delignification, sugars production,
enzymatic digestibility of the cellulose fraction, and quality of
lignin.

4.2.2 Oxidative Pretreatment

Oxidative pretreatment methods involve biomass processing with
air, pure oxygen, hydrogen peroxide, or ozone in the water phase.
In the case of ozone, the process can be conducted at ambient
conditions, while other oxidizers demand high temperatures
(150-250°C) and pressure—10-20 bar for short
periods—10-15min. During pretreatment, the lignin is
converted to carboxylic acids, carbon dioxide, and water. The
presents of acids in the solution facilitate the solubilization of the
hemicellulose and increase the cellulose content.

4.2.3 lonic Liquids and Deep Eutectic Solvents

In the last 20 years, the application of ionic liquids (IL) and deep
eutectic solvents (DES) in biomass pretreatment gains more and
more the attention of researchers. Ionic liquids are composed of a
large organic cation and a small anion. They are liquid at room
temperature with low vapor pressure, which facilitates their
almost full recovery and thus somehow overcomes the main
drawback of using IL—their high cost. Deep eutectic solvents are
easily prepared by heating (60-80°C, for 4-8 h) a hydrogen bond
donor (urea, acetamide, glycerol, some acids—lactic, oxalic, and
sugars—glucose, maltose) and a hydrogen bond acceptor
(different quaternary ammonium salts—choline chloride,
tetramethylammonium  chloride, etc.). The compounds
forming DES are linked through hydrogen bonds and the
formed eutectic mixture has a lower melting temperature than
the initial components. The main advantages of DES are their
ease of synthesis, biodegradability, and low cost. It is accepted that
IL and DES are more effective in the separation of lignin and
hemicellulose than acid and alkali treatment. Xu et al. (2021)
analyzed the influence of different hydrogen bond donors on the
lignocellulosic biomass pretreatment with choline chloride-based
DES. The authors defined the most important among 42 key
process factors—HBD hydrophilic ability, HBD polarity, HBD
acidity, HBD ability to form hydrogen bonds, the molar ratio of
HBD to choline chloride, and pretreatment severity (Xu et al,
2021). Yadav et al. (2020) have screened some lactic acid bacteria
for their stability in ionic liquids. Recent reviews published by
Usmani et al. (2020) and Halder et al. (2019) describe recent
developments in using techniques applying ionic liquids in
biomass  pretreatment—breakdown mechanism, process
parameters, the impact of cation and anion groups, and the
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advantages of IL on the further processing of the fractionated
biomass.

4.3 Physicochemical Methods

These methods combine physical forces with the action of
chemicals to modify the lignocellulosic biomass structure.
Steam explosion, ammonia fiber expansion (AFEX), and
supercritical fluids treatment take part in this group. The
treatment can be done with pure water or water steam at
elevated pressure and temperatures (hydrothermal treatment)
or in the presence of some chemicals acting as a catalyst.
Depending on temperature and pressure (bellow or above the
critical point of the solvent) methods can be divided into two
groups—subcritical and  supercritical. As a result of
physicochemical pretreatment dissolution of hemicellulose,
changes in lignin structure and decreasing degree of
polymerization and cellulose crystallinity and are observed.
Duque et al. (2016) described the fundamentals of steam
explosion methods, their advantages and disadvantage, and
technological advancements made in the last years.

4.3.1 Steam Explosion

In this method the biomass is subject to high temperature
(150-250°C) for a short time (from certain seconds to a few
minutes) in the presence of saturated steam, followed by a quick
release of the pressure. Sometimes a two-step method is
applied—in the first step, the biomass is heated to 180°C in
view to solubilize and remove hemicellulose, and then the
temperature is elevated to 240°C to modify cellulose and
lignin. The method 1is environmentally friendly with
advantages like low energy consumption and low cost. The
drawback is the formation of some fermentation inhibitors.

4.3.2 Pressurized Hot Water

Similarly to steam explosion the biomass is heated to 150-250°C
at pressure 3-5 MPa, but without quick decompression, which
permits to realize the process in a flow-through reactor. The
method is cost-effective, does not use toxic chemicals, and is
possible to control the release of inhibitors by controlling pH
values between 4 and 7.

4.3.3 Ammonia Fiber Expansion

The method uses liquid or gaseous ammonia (usually at 1:1 ratio)
under high pressure (15-30bar) and moderate temperatures
(60-100°C) for 5-10 min. The moderate temperatures, as well as
the possibility of recovering and reuse of the ammonia, reduce the
cost of the process. The method is not very effective in treating
biomass with high lignin content (higher the 20%) and also does not
fully dissolute the hemicellulose. Recently, a new method called
extractive ammonia is investigated. It is characterized by a higher
ratio of ammonia to biomass (up to 6:1). The method is very effective
in lignin removal (about 45% in corn stover) leaving almost all
carbohydrates (more than 90%) in the solid phase (Avci et al., 2019).

4.3.4 Supercritical Fluid Pretreatment
Supercritical fluids are characterized by their unique
properties—they have a density like a liquid and viscosity and
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diffusivity like gases. Carbon dioxide is the most widely used
chemical in supercritical conditions. While the biomass
pretreatment with sec carbon dioxide is not enough effective,
the presence of moisture ameliorates changes in the biomass
structure significantly. In the presence of moisture, CO, forms
carbonic acid which augments hemicellulose hydrolysis.
Supercritical CO, can be used also with co-solvents (methanol
or ethanol) and thus enhance digestibility. The main advantages
of this method are low cost, easy recovery of CO,, no release of
toxic compounds, non-inflammability of CO,, and reduced
environmental impact. Supercritical water is also used for
biomass pretreatment. In contrast to supercritical CO,, in the
case of water, much higher temperatures and pressures are
applied. Short reaction times (1-2s) result in high sugars
yield, whereas long reaction times decrease the yield.

4.4 Biological Methods

These methods involve the use of enzymes or enzymatic systems of
whole microorganisms (mainly fungi and bacteria. Depending on
their goal, the methods can be divided into two
groups—delignification and saccharification methods. Fungi
(white-, brown and soft-rot) possess in their enzymatic system
enzymes like lignin peroxidases, manganese peroxidases, laccases,
glyoxal, and alcohol oxidases and are capable to degrade lignin. Some
fungi degrade selectively lignin (mainly white-rot), while others
attack also cellulose and hemicellulose (Rouches et al, 2016).
Except for fungi, there are many bacterial strains (Bacillus sp.,
Streptomyces  sp., Clostridium sp., Thermomonospora  sp.,
Cellulomonas sp., etc.), producing enzymes capable to degrade
various lignocellulosic biomasses (Sharma et al, 2019). Besides
using an individual strain in biomass pretreatment, very often
consortia of different microorganisms are applied. Working with
consortia can provide process robustness, higher stability, and
productivity of the treatment. Recently, the application of lignin-
degrading enzymes instead of using whole organisms gains
considerable interest among researchers. The most utilized
enzymes belong to cellulases, ligninases, and xylanases. Different
enzymes like laccase, versatile peroxidase, manganese peroxidase,
and lignin peroxidase are effective in lignin degradation (Kumar and
Chandra 2020). Cellulases are multienzyme complexes comprising
mainly three components: endo- [ 1-4—glucanase, exo-
1-4—glucanase, and p-glucosidase. Endo- P 1-4—glucanase
hydrolyzes internal links in cellulose chains to short-chain
cellodextrins. Exo- B 1-4—glucanase cleaves cellobiose from the
non-reducing end of the chains, and -glycosidase hydrolyzes
cellobiose units to glucose units (Shuddhodana et al, 2016).
Regarding the heteropolysaccharide structure of hemicellulose,
different enzymes are needed to hydrolyze it to monomeric
sugars. Endo-xylanases and endo-mannanases randomly attack
the inner bonds in xylan and mannan, while B-xylosidase and p-
mannosidase hydrolyze oligosaccharides to xylose and mannose. For
hydrolysis of the lateral groups (arabinose, acetyl, galactose, and
glucose) linked to the main polysaccharide chain supplementary
enzymes are necessary—a-glucuronidase, acetyl xylan esterase,
acetyl mannan esterase, ferulic acid esterase, etc. (Laca et al., 2019).

Biological methods of lignocellulosic materials degradation
have advantages, such as low energy cost, environmental
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TABLE 2 | Advantages and disadvantages of different pretreatment methods.

Pretreatment

methods
Physical
Chemical
Physicochemical
Biological

Process

Milling

Grinding

Chipping

Gamma-or microwave
irradiation

Ultrasound treatment

Acid

Alkaline

Oxidative

Organosolv

lonic liquids (IL) and deep
eutectic solvents (DES)

Steam explosion

Pressurized hot water

Supercritical CO,

AFEX

Microbial
Enzymatic

Advantages

No chemicals use; no inhibitory compounds or
byproducts formation; Reduce biomass size,
degree of polymerization; and crystallinity of
cellulose; short operation time. Increase surface
area for enzymatic hydrolysis

High reaction rate and relatively short time;
Remove hemicellulose and partly lignin; Increase
surface area for enzymatic hydrolysis; High yield of
sugars after enzymatic hydrolysis

Moderate reaction conditions; Less corrosive than
acids; Delignification; Hemicellulose is affected
depending on severity of treatment; Decrease
degree of polymerization; and crystallinity of
cellulose

Lignin degradation; Hemicellulose solubilization;
Low inhibitors formation; Possibility of working at
ambient conditions

Lignin and hemicellulose solubilization; Lignin
recovery; High sugars yield; Increase surface area
for enzymatic hydrolysis

Mild conditions; Very good lignin separation; High
biomass loading; High cellulose solubilization;
DES are biodegradable and biocompatible; No
toxic product formation

Environmentally friendly; Low energy
consumption; Cost effective; Short process time;
High sugars yield in two step method

Cost-effective; No use of toxic chemicals;
Possibility to control inhibitors release by
controlling pH; Low or no inhibitors release
Non-toxic chemicals used; Increases accessible
surface area for enzyme hydrolysis, High solid
load; No inhibitors formation

Short process time; Possibility of recovering and
reuse of the ammonia; Efficient removal of lignin;
Low formation of inhibitors

Low energy consumption; Mild reaction
conditions; No chemicals use; No formation of
inhibitors; Efficient lignin and hemicellulose
degradation; Environmentally friendly
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Disadvantages

Low sugar yield; High-energy requirements; No
lignin degradation

Special equipment design; High costs in large
scale

High cost; Inhibitors formation, Need of
anticorrosive equipment and neutralization; Sugar
loses

High costs; Salts formation; Relatively long
reaction time

Elevated cost when using ozone or hydrogen
peroxide; Some oxidants are toxic or corrosive

Expensive; Energy consuming; Need for solvents
regeneration; Inhibitors generation; Explosion and
fire dangers

Need for recovery and recycle; Possible enzyme
inhibition; High IL cost

High pressure and temperatures; Special
equipment; Toxic and inhibitory compounds
formation; Partial hemicellulose degradation; Less
effective at high lignin content

Long residence time; High temperatures and
pressure; Special equipment; Less effective at
lignin removal

High pressure; High equipment cost; Does not
modify lignin; Less effective at high lignin content

Less efficient for biomass with high lignin content;
partial dissolution of hemicellulose; Large amount
of used ammonia

Slow reaction rate; Long process time; High cost
of enzymes; Necessity of strict and sterile
conditions

friendliness, low capital investment cost, no reagent dependence,
and no production of fermentation inhibitors. Still, long reaction
time and low reaction rate, and the relatively high price of the
enzymes are the main limitations, preventing the successful
implementation of the biological methods in the industry.

Recent trends in lignocellulosic biomass pretreatment
methods, their advantages, and disadvantages and the role of
various key factors that affect the separation of lignocellulose
constituents are discussed in Baruah et al. (2018) and Mankar
et al. (2021). It is worth mentioning that the use of only one
pretreatment method is not effective and usually a combination
of two or more methods are applied. It seems that the use of a
mechanical method for reducing the size of the biomass particles
and enzyme hydrolysis of hemicellulose and cellulose to
fermentable sugars is inevitable.

The most important is that there is no universal method (or
combination of methods) for lignocellulosic biomass
pretreatment. This is due to the different compositions of
lignocellulosic biomass (ratio of main components and degree
of crystallinity of cellulose) from different sources (soft and
hardwood, agricultural or industrial wastes). The
compositional  differences  influence the efficacy of
pretreatment. The severity of treatment (pressure, temperature,
and acid or alkali concentration) also lead to differences in the
composition of obtained hydrolysates as well as in the
concentration of inhibitors of enzyme hydrolysis and
fermentation. In view to choosing an “optimal” pretreatment
method, one needs broad knowledge about the chemical
composition of the feedstock, but also the final aim of
pretreatment. For example, in case the fermentation step is
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TABLE 3 | Pretreatment methods and conditions of different lignocellulosic biomasses.

Pretreatment method
lonic liquids pretreatment

[EMIM][AC] 1-Ethyl-3-sthylimidazolium-acetate

[EMIM][OAC] 1-Ethyl-3-methyl-imidazolium-acetate

([Emim][Ac] 1-Ethyl-3-methylimidazolium Acetate

Pyridiniumhydrogensulphate

Deep eutectic solvents

Triethylbenzyl ammonium chloride/lactic acid
Ethylammonium chloride/ethylene glycol—enzymatic

Choline chloride/glycerol with salts —enzymatic
hydrolysis

Choline chloride/glycerol

2-aminoethanol, 2-(methylamino)ethanol, 2-
(ethylamino)ethanol, diethylamine, triethylamine and
butan-1-amine with sulphuric and acetic acid

Sequential pretreatment choline chloride:urea (1:2 ratio)
and divalent inorganic salt (CuCly)

Chemical pretreatment

Sulfuric acid

Sulfuric acid/enzymatic hydrolysis
Sulfuric acid or enzymatic hydrolysis
HCI treatment/cellulose hydrolysis

Sulfuric acid/enzymatic hydrolysis
Sulfuric acid/enzymatic hydrolysis

Sulfuric acid hydrolysis
Sulfuric acid hydrolysis
Sulfuric acid hydrolysis
Sulfuric acid hydrolysis
Sulfuric acid hydrolysis

Sulfuric acid hydrolysis
Sulfuric acid hydrolysis

Sulfuric acid hydrolysis
Oxalic acid hydrolysis
Acid-catalyzed steam-exploded hydrolysis

Liquid hot water hydrolysate
Sulfite hydrolysis

Lignocellulosic biomass

Cottonseed cake
Wheat straw
Sugarcane bagasse
Rice straw

Wheat straw
Barley straw

Grape stem
Wheat straw

Wheat straw

Qil palm trunk
Pennisetum biomass
Coffee silverscin

Sugarcane bagasse

Qil palm fronds

Exhausted sugar beet pulp
Wheat straw

Wheat straw
Corn straw

Corn stover

Distillers’ dried grains with
solubles

Sugarcane bagasse

Sugarcane bagasse
Rice straw

Microalgae Chilorella vulgaris
ESP-31

Green seaweed Enteromorpha
prolifera

Spent coffee grounds

Corn stover

Corn stover
Corn cob
Corn stover

Corn stover
Corn stover
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Conditions

Biomass to IL ratio of 1:2 (w/w); at 120°C for 2 h

2:1, 1:1, 1:2, 1:3 Biomass to IL ratios at 120°C
for 2 h

Biomass to IL ratios of 1:1, 1:3, and 1:5, 120°C
for 120 min

Lignin extraction—60°C, 2 h, with 5% biomass
loading
Reducing sugars—100°C, 2 h with 5% biomass
loading

Solid:liquid ratio—1:15, 100°C for 10 h
100°C, 48 h

Celluclast 1.5 L—53 FPU/mI Novozyme
188—122 CBU/ml, 50°C, 24, pH 4.8
Five times at 120°C for 6 h

Cellic CTec2, pH 4.8, 15 FPU/ml, 72 h
150°C, 3 h, biomass:solvent ratio 1:32

IL:H,0 ratio 5:1, 160°C, 3 h

Solid:liquid ratio 1:10
120°C, 4 h
CuCl, 120°C, 30 min

Solid/liquid ratio 1:20, 1%, 120°C, 20 min
0.5% H,SO, at 180°C for 4 min

Cellic-HTec2 and Megazyme

40°C, pH 5.5 for 72 h

4% HySO4 at 120°C for 30 min

40°C, pH 5.5 for 24 h

6% HCl at 90°C for 1°h, cellulase complex-solid-
liquid ratio 1:20 at 50°C for 48 h

2% sulfuric acid at 130°C, 8 min

3 M HySO,4 at 110°C for 24 h

1% enzyme solution, 60°C, 48 h

2% sulfuric acid at 121°C; 1.5 h; 2:1 liquid:solid
ratio

2% sulfuric acid at 122°C for 24 min, solid:liquid
ratio of 1:8

1% sulfuric acid at 180°C for 1 min, 40% solid
content

4% H,S0,4, 120°C, 20 min, continuous
fermentation, PVA immobilized cells

0.5 M H,SO, at 120°C for 2 h

1% H,SO, at 121°C for 30 min

7.2% HySO4 at 175°C for 5 min solid/liquid ratio
-2:1

2% H,SO4 at 160°C for 60 min 10% solid
loading

5% oxalic acid, 25°C for 30 min

1:10 solid: liquid ratio

1.29% H,SQO,4 at 175°C for 5 min

180°C for 40 min, 1:10 solid:liquid ratio

4% (Mg(HSO3), at 160°C for 60 min, 1:6 solid:
liquid ratio

Reference

Grewal and Khare (2018)

Yadav et al. (2021)

Marin-Batista et al.
(2021)

Asim et al. (2021)

Liu et al. (2019)
Zulkefli et al. (2017)
Wang et al. (2020)
Procentese and

Rehmann (2018)
Pin et al. (2019)

Loow et al. (2018)

Marzo et al. (2021)
Cubas-Cano et al. (2019)
Cubas-Cano et al. (2019)
Si et al. (2020)

Utrilla et al. (2016)
Krull et al. (2020)

Utrilla et al. (2016)
Gonzélez-Leos et al.
(2020)

Tu et al. (2019)
Nandini et al. (2020)

Hwang et al. (2012)

Kim et al. (2019)
Wei et al. (2018)

Jiang et al. (2016)
Alhafiz et al. (2020)
Jiang et al. (2016)

Jiang et al. (2016)
Jiang et al. (2016)
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TABLE 3 | (Continued) Pretreatment methods and conditions of different lignocellulosic biomasses.

Pretreatment method

Sulfuric acid/enzymatic hydrolysis

Sulfuric acid/enzymatic hydrolysis

Hydrochloric acid hydrolysis

HCl/cellulase hydrolysis

Acid pressurized hydrolysis

Phosphoric acid/enzymatic hydrolysis

NaOH/cellulase hydrolysis

NaOH/cellulase hydrolysis

NaOH/cellulase hydrolysis
NaOH/cellulase hydrolysis
NaOH/cellulase hydrolysis

NaOH/cellulase hydrolysis

NaOH/cellulase hydrolysis

Alkaline peroxide/cellulase hydrolysis

Alkaline/cellulase hydrolysis
Alkaline/peroxide
Alkaline/Hydrogen Peroxide
KOH/enzyme hydrolysis
KOH/enzyme hydrolysis

Ammonia/enzyme hydrolysis

Acid, alkali, and enzyme hydrolysis

Hydrothermal pretreatment with magnetic carbon-

based solid acid followed by enzyme hydrolysis

Wet explosion and enzyme hydrolysis

Hydrothermal pretreatment with ethylenediamine

Lignocellulosic biomass

Spent coffee grounds

Wheat straw

Sugarcane bagasse

Marine algae Gracilaria sp.,
Sargassum siliquosum, Ulva
lactuca

Rice husks

Agave bagasse

Rye straw

Digestate of energy corn silage

Corn Stover

Sweet sorghum bagasse

Sugarcane bagasse
Corn stover
Corn stover

DDGS

Sophora flavescens root

Corn stover

Date palm wastes

Corn stover

Exhausted sugar beet pulp
Spend coffee grounds
Spend coffee grounds

Corn stover

Sugarcane bagasse

Sugarcane bagasse

Corn stover

Rice straw

Conditions

27 g/L HySO4, 121°C, 40 min

4 vol% of Celluclast 1.5 L, 0.4% B-glucosidase,
0.4% Viscozyme L 50°C, 48 h

1.5% sulfuric acid for 40 min at 160°C,
solid-liquid ratio 1:10

Cellulase Cellic Ctec2, 5 FPU/g cellulose, 150°C,
pH 5.5, 150 rpm for 72 h

(v/v) of HCI, at 140°C, for 15 min, 10% solid
load of

0.4 N HCI, 30 min at 121°C; 7.6 U/mL cellulase
at 37°C for 48 h

175°C (58.8 bar), 46 min, 0.8% HCI or 2.2%
H.SO,

75-80% phosphoric acid, 50-75°C, ratio 1:3
15-45 min

Cellic® CTec 2,0.4 ml/g, 11.2% total solids,
50°C, 24 h

5% NaOH, 75°C for 3 h, 20% solid loading
Cellic CTec2

118°C for 80 min 2% (w/v) NaOH at a 10% (w/v)
loading

Cellulase—25 FPU/g

0.5 M NaOH at 80°C; 120 min
Cellulase—50°C, 24 h

5% NaOH at 75C for 3 h at a 20% solid loading
Cellic CTec2

2% NaOH, solid:liquid ratio 10% at 118°C for 1 h
Cellulase 20 U/g solid in SSF

5% NaOH at 121°C for 15 min at 10% DDGS
loading

Cellulase-Accellerase” 1,500 ratio enzyme:
cellulose 3:1 at 50°C

1.5% NaOH, 120°C, 2 h, solid/liquid ratio 1:
10.25 FPU/g, 50°C 72 h

NaOH solution, and 33.3 g H>0, (30%), solid:
liquid ratio 1:20 for 1 day

Cellulase —Meiselase 60 U/g during SSF

2N NaOH, 50°C, 48 h

4% substrate, 30 FPU/g, pH 5.0

3% NHzOH for 2 days, 5% H.O, for 7 days at
room temperature

Solid/liquid ratio 1:20, 1% hydrogen peroxide,
pH 11.5, 30°C, 24 h

35 g/L of KOH, 121°C, 60 min

Viscozyme L -2%, 55°C, 7 days

3% KOH, 75°C, 2.8 h cellulase, cellobiase, and
mannanase—3% solid loading, 50°C, 96 h
15% ammonia, 0.3 wt% polyDADMAC, solid/
liquid ratio 1:9, 160°C, 1 h

5 FPU/g- Cellic® C-Tec2, 50°C, and 200 rpm,
120 h

solid:liquid ratio of 1:2.8, 1% sulfuric acid at
121°C, 27 min

4% sodium hydroxide at 121°C, 30 min, solid:
liquid ratio 1:20

Enzymatic hydrolysis at 50°C, pH 5.0, 24 hwith a
commercial enzyme cocktail

sugarcane bagasse, catalyst and water in ratio s
1:1:25 (g:g:mL), 170°C for 10 min
Cellulase—at 50°C for 72 h

190°C, 30 min, oxygen loading- 7.5%

Cellic® CTec2-50°C, pH 5.0, 4 days
80-200°C, solid; liquid ratio 1:10 for 1 h

Reference

Hudeckova et al., (2018)

Ouyang et al. (2020)

Oliveira et al. (2019)

Lin et al. (2020)

Montipo et al. (2016)

Schroedter et al. (2021)

Hu et al. (2016)

Wang et al. (2016)

Nalawade et al. (2020)
Zhang et al., (2020)
Chen et al. (2020)

Zaini et al. (2019)

Ma et al. (2020)

Akao et al. (2016)

Alrumman (2016)
Liu et al., (2020)
Marzo et al. (2021)
Koo et al. (2019)
Lee et al. (2021)

Shi et al. (2021)

Wischral et al. (2019)

Lu et al. (2021)

Ahring et al. (2016)

Chen et al. (2019)
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TABLE 3 | (Continued) Pretreatment methods and conditions of different lignocellulosic biomasses.

Pretreatment method

Ethanolysis Corn stover

Acid-organosolv Sugar palm trunk

Biological pretratment

Enzyme hydrolysis
a-amylase
glucoamylase
cellulase

Enzyme hydrolysis a-amylase, glucoamylase, cellulase  Cassava bagasse

Enzyme hydrolysis a-amylase, glucoamylase, cellulase  Brewer’s spent grain

Enzyme hydrolysis Corn stover

Enzyme hydrolysis Rice straw

Enzyme hydrolysis—Celluclast 1.5; Novozym188;
Pectinex Ultra SP-L

Enzyme hydrolysis—Celluclast 1.5; Novozym188;
Pectinex Ultra SP-L

Enzyme hydrolysisteIIic® CTec2

Orange peel
Orange peel waste
Pulp mill residue
Enzyme hydrolysistellic® CTec2

Solid state fermentation with Aspergillus awamori

2B.361 U2/1
Enzyme hydrolysis \/iscozyme® and Ultraflo®Max

Date pulp waste

Sugar beet pulp

Enzyme hydrolysis commercial and fabricated
cellulases (1:1)

Paper sludge

Physical pretreatment

Microwave-assisted autohydrolysis/cellulase (Ctec2)
hydrolysis
Mechanical screw press

denticulatum
Sweet sorghum

Physicochemical pretreatment
Steam explosion
Steam explosion
Organosolv
Supercritical CO,

Corn stover
Beech wood chips
Wheat straw

platensis

done by a strain not converting pentoses—lignin and
hemicellulose should be separated from biomass before
enzyme hydrolysis. In case of using a strain capable to convert
pentoses or co-fermentation removal of lignin should be enough.
In general, an “ideal” lignocellulose pretreatment method should
provide 1) full degradation and removal of the lignin presented;
2) utterly separation of cellulose and hemicellulose; 3) possibility
of complete liberation of fermentative mono sugars; 4) minimal
or no release of fermentation inhibitory compounds.

Recently Shen and Sun described three strategies for
lignocellulosic biomass pretreatment, depending on the final
goal, namely cellulose-first, hemicellulose-first, and lignin-first
strategies together with most appropriated methods. These
strategies possess unique advantages, permitting a component

Macroalgae Eucheuma

Lignocellulosic biomass

Microalga Arthrospira platensis

Exhausted sugar beet pulp

Cyanobacterium Arthrospira

Conditions Reference

Ethanol:H,O (1:1) co-solvent 0.050 M oxalic acid
at 140°C for 1 h
0.2 M H,S0, solid:liquid ratio 1:5,120°C 40 min

He et al. (2016)

Erliana et al. (2020)

Werlang et al. (2020)
2hat 90°C
2 hat 60°C
40 h at 50°C
60 min at 105°C
Glucoamylase and cellulose are added
during SSF
Termamyl SC° (a-amylase),1 h at 90°C), SAN
Super 240 L® (amyloglucosidase, a-amylases),
1hat55C
Celluclast 1.5 L° (cellulase) 10 h at 45°C
Crude lignocellulolytic enzyme system
50°C, pH 5.0, 72 h
Cellic CTec2 (20 units/1 g), 7.5%, pH 5), at
50°C, 24 h
pH 5.2; 50°C, for 26 h

Chen et al. (2020)

Pejin et al. (2017)

Ma et al. (2016)

Verma and Subudhi
(2021)

de la Torre et al. (2017)
pH 5.2; 50°C, for 26 h Bustamante et al. (2020)
Solid:liquid ratio 1:4, 25 FPU/g, pH 5.0;
50°C 26 h

150 g/L total solids, pH 5.0-5.5, 50°C, 72
Moisture content 70%, 30°C, 8 days

Moraes et al. (2016)

Ahmad et al. (2021)
Marzo et al. (2021)

12% pulp, Visoozyme®: Ultraflo®Max—1:1,
37°C, 16 h
2.4 FPU/g, pH 6.0, 40°C, 144 h

Berlowska et al. (2016)

Dhandapani et al. (2021)

120°C and 50 min/pH 4.8 at 50°C for 72 h Chai et al. (2021)

Olszewska-Widdrat et al.
(2019)

Chopping <20 mm and pressure of 5 bar

Solid/liquid ratio 2:1, 1.6 MPa, 201°C, 5 min
230°C, 15 min

80°C, 70% formic and acetic acids 1:1, 30 min
450 bar, 40°C, CO, flow 4 g/min

Han et al. (2021)
Shahab et al. (2018)
Tsegaye et al. (2021)
Esquivel-Hernandez
et al. (2021)

of lignocellulose to be selectively fractioned for value-added
application (Shen and Sun 2021).

Table 2 summarizes the advantages and disadvantages of
different pretreatment methods and Table 3—the methods
used in lignocellulosic biomass pretreatment for lactic acid
production.

5 DETOXIFICATION

As was mentioned above, the majority of pretreatment methods
generated some products that can hinder subsequent hydrolysis
and fermentation. The inhibitory compounds are a result of the
degradation of lignin and sugars from cellulose and hemicellulose
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and represent different carboxylic acids and also furanic and
phenolic compounds. Hexoses from cellulose and hemicellulose
can be transformed during pretreatment to 5-hydroxymethyl
furfural (HMF), which further dehydration leads to levulinic
and formic acid formation. Various inhibitory products like
furan aldehydes, sugar acids, and aliphatic acids are produced
upon hemicellulose pretreatment. Acetic, formic, acrylic, and
levulinic acids are detected in hemicellulose hydrolysates, but
furfural is the most strong and abundant inhibitor. Various
phenolic compounds are liberated during lignin pretreatment.
The concentration and type of these compounds depend on
biomass source and H/G/S group ratio in the lignin structure.
The most important lignin-degradation products are p-coumaric
acid, ferulic acid, 4-hydroxybenzoic acid, vanillic acid, syringic
acid, 4-hydroxybenzaldehyde, syringaldehyde, vanillin, etc. In a
recent review paper, Kumar et al. summarized various inhibitory
compounds  produced during lignocellulosic ~ biomass
pretreatment and different methods for hydrolysates
detoxification and inhibitors removal (Kumar et al., 2020).
Vanmarcke et al. (2021) also have described the inhibitor
composition of different lignocellulose hydrolysates resulting
from different pretreatment methods and investigated
individual inhibitor effects in the case of ethanol fermentation.

Van der Pol et al. (2016) developed a small-scale rapid
screening method to identify inhibitory effects of single and
combined by-products from acid and alkaline hydrolysates on
the growth of lactic acid-producing microorganisms. Five lactic
acid-producing  strains were tested—Lactobacillus  casei,
Lactobacillus delbrueckii, Lactococcus lactis, Bacillus coagulans,
and Bacillus smithii. While in the presence of alkaline treatment
by-products, L. caseis was least affected (depending on the
inhibitor’s concentration), in the case of acid treatment—only
growth of L. casei and L. lactis was not fully inhibited. The synergy
between formic acid, acetic acid, and coumaric acid was found as
a key inhibitory parameter in alkaline pretreated lignocellulose,
while in the case of acid pretreated lignocellulose, furfural was the
major inhibitor (van der Pol et al. (2016)). Cola et al. (2020)
investigated the influence of an inhibitory cocktail (acetic acid,
HMEF, furfural, and p-coumaric acid) on the growth of four
Saccharomyces cerevisiae and four Lactobacillus paracasei
strains. Whilst all yeast strains were unable to grow in the
presence of inhibitory compounds from sugarcane-based
lignocellulosic hydrolysates, bacteria preserved an average of
roughly 50% of their growth rates.

In view to reducing the content of inhibitory compounds,
different approaches have been used. Various physicochemical
methods like adsorption, ion exchange, extraction, membrane
separation, overliming, etc. are applied. Other strategies involve
biological treatment of the hydrolysates, gene manipulation of the
microorganisms to improve their tolerance in regards to
inhibitors, or plant improvement to decrease lignin content.
Biological detoxification can be mediated by microorganisms
or enzymes like laccase (Bhatia et al., 2020). Tramontina et al.
(2020) reviewed enzyme-mediated detoxification methods for the
removal of inhibitory compounds from lignocellulosic
hydrolysates and described some novel strategies using
classical enzymes such as laccases and peroxidases, as well as
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more advanced strategies using prooxidant, antioxidant, and
detoxification enzymes, i.e., superoxide dismutases.

Ludwig et al. (2013) investigated detoxification of organosolv
pretreated wheat straw by using free and immobilized laccase.
Laccase was immobilized on Sepabeads (modified methacrylic
polymer) ion-exchange resin. Free laccase was capable to remove
up to 82% of phenolic compounds, while immobilized laccase
could remove also HMF and acids not only by enzyme action but
by the polymerization and in-situ product removal. Phenolic
compounds precipitated onto the carrier surface and could be
easily removed. In all cases, enzyme treatment improved the
fermentability of pretreated wheat straw hydrolysate (Ludwig
et al., 2013).

Liu et al. (2019) have isolated three strains (Enterococcus faecalis
B101, Acinetobacter calcoaceticus C1, and Pseudomonas aeruginosa
CS) capable to utilize some phenolics from ammonia pretreated
corn stover (vanillin, 4- hydroxybenzaldehyde, or syringaldehyde)
as a sole carbon source. Lactic acid production from 50g/L
ammonia pretreated corn stover was increased nearly twofold
[from 16.98g/L to 31.35g/L LA (0.63g/g corn stover)] by
inoculating phenolic degrading bacteria mentioned above and
lactic acid bacteria Lactobacillus pentosus FL0421 (Liu et al,
2019). In another paper, Liu et al. (2020) cultivated Trichoderma
viride R16 on alkaline/peroxide pretreated corncob as the substrate
in a fed-batch SSF process, and the produced enzymes were used in
LA production by Bacillus coagulans LA204. Because of the high
capacity of inhibitors’ degradation by Trichoderma viride R16
enzymes compared to some commercial ones the lactic acid
production was increased by 24% (Liu et al., 2020).

Giacon et al. (2021) have studied the influence of two
inhibitors furfural and HMF on the growth of five
homofermentative  (Lactobacillus  plantarum CECT 221,
Lactobacillus delbrueckii, Lactobacillus plantarum ESALQ 4,
Lactobacillus paracasei LAB 4, Lactobacillus paracasei LAB 5)
and seven (Lactobacillus fermentum DSM 20391, Lactobacillus
reuteri ATCC 23272, Lactobacillus fermentum ESALQ 3,
Lactobacillus fermentum ESALQ 5, Lactobacillus fermentum
1L-6-MRS, Lactobacillus fermentum 3L-2-M17, Lactobacillus
paracasei LAB 2) heterofermentative lactic acid bacteria and
have found that the effect of HMF and furfural on the growth
rate of lactic acid bacteria (LAB) depended on the metabolic
pathway. The growth kinetics in the presence of these compounds
is enhanced for heterofermentative LAB, whereas is inhibitory to
homofermentative LAB. The heterofermentative bacterium
presented the ability to decrease the concentrations of furfural
and HMF in the fermentation medium, with simultaneous lactic
acid production. Low concentrations of these compounds present
in the sugarcane bagasse hemicellulosic liquor did not have
inhibitory effects on lactic acid production (Giacon et al., 2021).

Liu et al. (2013) compared the possibility for lactic acid
production from glucose by three Pediococcus strains in the
presence of inhibitors generated by acid hydrolysis of
lignocellulosic  biomass and reported that the strain
Pediococcus  acidilactici  DQ2  could  produce  high
concentrations of lactic acid from glucose in the presence of
acetic acid, furfural, HMF, and vanillin in concentration range
presented in acid pretreated biomass.
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Oliveira et al. (2018) investigated the lactic acid production
from sugarcane bagasse hydrolysates by Lactobacillus plantarum
in the presence of furfural and HMF. The strain was capable to
assimilate the inhibitors simultaneously with lactic acid
production. A decrease of 86% for HMF and 98% for furfural
was observed, together with 34.5 g/L lactic acid production. This
approach could decrease the cost of the process eliminating the
need for detoxification before fermentation (Oliveira et al., 2018).

Zhang et al. (2016) identified the inhibitory compounds
generated during corn stover and corn cob pretreatment and
investigated the toxicity limits of individual chemicals in the
fermentation of hydrolysates to lactic acid by Rhizopus oryzae.
They found that HMF and furfural were toxic at 0.5-1.0 g/L, while
the carboxylic acid (formic, acetic, and levulinic) were non-toxic at
concentrations less than 4 and 10 g/L. Among the phenolic trans-
cinnamic acid and syringaldehyde had the highest toxicity at 1 g/L,
while ferulic, p-coumaric, and syringic acids were not toxic.
Although the concentrations in the hydrolysates were much
lower than the toxicity levels of individual inhibitors, the lactic
acid fermentation was considerably affected, suggesting possible
synergistic action. The authors observed that while cell growth,
lactate dehydrogenase, and lactic acid production were strongly
inhibited, alcohol dehydrogenase and ethanol production were less
or not affected. For the first time, this study showed that the
inhibitors shifted the metabolic pathway from lactic acid to ethanol
biosynthesis (Zhang et al., 2016).

Kunasundari et al. (2017) studied lactic acid production from
oil palm sap by B. coagulans 191 strain and reported 53%
conversion in case of non-treated sap, 54-74% when the sap
was treated with charcoal, and up to 88% by acid and 92% for
alkaline precipitation.

Cubas-Cano et al. (2020) investigated lactic acid production by
three B. coagulans strains in defined media with inhibitors
mixtures at high concentrations and hemicellulosic gardening
hydrolysate pretreated by steam explosion. One of the isolates
(A162) demonstrated high lactic acid productivity (up to
24gL'h7"), even in presence of 5gL”' of furans and
phenols (Cubas-Cano et al., 2020).

Zhang et al. used dry acid pretreated corn stover for LA
production. The hydrolysate was neutralized by 20% Ca(OH),
and  bio-detoxified by solid-state fermentation with
Amorphotheca resinae ZN1. The furfural and HMF content
were fully degraded, and an increase of lactic acid production
in simultaneous saccharification and co-fermentation (SSCF) of
corn stover hydrolysate was observed (Han et al., 2018).

6 MICROORGANISMS

Different groups of microorganisms (bacteria, fungi, yeasts, and
algae) are capable to produce lactic acid from various substrates.
Although many bacteria have been extensively used for lactic acid
production as a primary or secondary end-product, the term lactic
acid bacteria (LAB) is used for several genera. The recently
reclassified genus Lactobacillus (into 25 new genera)
(Zheng et al., 2020), Lactococcus, Enterococcus, and Pediococcus,
have been proven as the main producers. LAB are divided into
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two main groups - homo - and heterofermentative strains.
Homofermentative LAB operate via Embden-Meyerhof-Parnas
(EMP) pathway, expressing the aldolase enzyme with LA being
the major product. They convert one molecule of glucose to two
molecules of LA generating two molecules of ATP (Grewal et al.,
2020). Some homofermentative strains metabolize sugars via the
pentose phosphate (PP) pathway, producing 1.67 molecules LA
from pentoses and hexoses and generating either 1.67 molecules
(from hexose) or 0.67 (from pentose) ATP. Hetero-fermentative
LAB are classified as obligate and facultative. Obligate LAB use
exclusively the phosphoketolase (PK) pathway to convert one
molecule of glucose or xylose to one molecule of LA and one
molecule of ethanol or acetic acid and generate one molecule of
ATP. Facultative heterofermentative LAB convert hexoses via
EMP pathway and pentose via PK pathway (Cubas-Cano et al,
2018). Homofermentative strains producing optically pure L (+) or
D (-) LA are preferred for industrial application due to the
higher yield and easier downstream processing (Juturu and Wu
2016). Bacteria of genus Bacillus sp. (B. subtilis, B. coagulans B.
stearothermophilus, ~ B.  licheniformis, ~ B.  licheniformis),
Corynebacterium glutamicum, and Escherichia coli are also
capable to produce lactic acid. Filamentous fungi are another
important microbial producer of LA. Various representatives of
the genus Rhizopus (R. oryzae and R. arrhizus) are utilized in free
and immobilized form. The main advantages of using fungi for LA
production are their amylolytic properties, simple medium
requirements, their facilitate separation from the fermentation
broth, and capacity to assimilate complex substrates like
different lignocellulosic biomass. Numerous yeasts also can
produce LA. Yeasts can tolerate low pH in comparison with
LABs and thus minimizing the use of the neutralizing agent.
The main disadvantage of yeasts is the low final LA
concentration, but the use of engineered yeasts can overcome
this drawback. The most important representatives of LA
producing yeasts are Candida sp. (C. sonorensis, C. boidinii, and
C. utilise), Kluyveromyces sp. (K. lactis, K. marxianus), Pichia sp.
(P. stipidis, P. pastoris) as well as Saccharomyces cerevisiae. Other
LA-producing species are algae and cyanobacteria. They are
photosynthetic microorganisms, which can grow at minimal
feed medium almost anywhere with a short growth cycle.

In a detailed review paper, Abedi and Hashemi listed almost all
LA producing microorganisms together with their substrates,
final LA concentration, LA yield, and productivity (Abedi and
Hashemi 2020).

In Table 4 microorganisms capable of lactic acid production
from lignocellulosic materials are summarized.

6.1 Metabolic Engineered Microorganisms
for High Lactic Acid Production

Normally, lactobacilii can not ferment pentose sugars, which is an
obstacle to the effective utilization of hemicellulosic hydrolysates
as a substrate. On the one hand, some of the highly productive
strains produce a racemic mixture of D- and L-lactic acid. On the
other hand, in hetero-fermentative lactic acid production, by-
products are formed, which decrease the effectiveness of the
process and increase the cost of pure lactic acid production.
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TABLE 4 | Microorganisms, substrates, and lactic acid yield and productivity from different feedstocks.

Lactic Acid from Lignocellulosic Materials

Microorganism Substrate Optical Process Lactic acid, Yield, Productivity, Reference
isomer organization g/l ag/g g/l.h
sugar
Lactobacillus plantarum 23 Chilorella vulgaris ESP- L (+)-LA Batch 42.34 0.93 7.56 Chen et al. (2020)
31 hydrolysate Continuous 39.72 0.99 9.93
Lactobacillus pentosus ATCC 8041  Sugarcane bagasse N/D SSCF 65.0 0.93 1.01 Wischral et al. (2019)
Lactobacillus pentosus CECT- Sugarcane bagasse N/D Batch 55.44 0.72 0.43 Gonzélez-Leos et al.
4023T (ATCC-8041) (2020)
Lactobacillus pentosus CECT Wheat straw N/D Batch 12.58 0.55 0.22 Cubas-Cano et al.
4023 T hydrolysate (2019)
Lactobacillus pentosus (TBRC) Sugarcane bagasse N/D Fed-batch SSF 72.75 0.61 1.01 Unrean (2018)
Lactobacillus pentosus FLO421 Corn stover N/D Fed-batch SSF 92.30 0.66 1.92 Hu et al. (2016)
Lactobacillus sakei 25, Weissella 40 g/L Green algae N/D Batch 25.14 0.78 6.79 Nagarajan et al. (2022)
paramesenteroides 24 Ulwa sp. acid
Lactobacillus plantarum 23 hydrolysate 24.98 0.73 6.25
Lactobacillus rhamnosus 28.79 0.81 7.20
30.93 0.85 7.53
Lactobacillus sakei 25, Lactobacillus 40 g/L Red algae N/D Batch 28.45 0.84 3.56 Nagarajan et al. (2022)
plantarum 23, Lactobacillus Gracilaria sp. acid 31.49 0.80 3.93
rhamnosus, Weissella sp. 28, hydrolysate 33.82 0.83 4.23
Weissella paramesenteroides 24 22.50 0.79 1.88
Weissella cibaria 27 32.12 0.90 4.39
27.15 0.89 2.26
Lactobacillus sakei 25, Weissella 15 g/L Brown algae N/D Batch 10.97 0.87 2.19 Nagarajan et al. (2022)
paramesenteroides 24, Lactobacillus ~ Sargassum 10.38 0.87 2.08
plantarum 23, Lactobacillus cristaefolium acid 11.65 0.89 2.53
rhamnosus, Weissella cibaria 27, hydrolysate 10.80 0.88 2.15
Weissella sp. 28 9.90 0.86 1.65
9.02 0.83 1.51
Lactobacillus rhamnosus LA-04-1 Cassava bagasse N/D SSCF 31.0 0.94 1.94 Chen et al. (2020)
Bacillus coagulans LA-15-2 enzyme hydrolysate 30.0 0.91 1.50
mixed culture 112.5 0.88 2.74
Lactobacillus rhamnosus ATCC Forest and marginal L (+)-LA SHF 57.8 1.0 0.81 Pontes et al. (2021)
7469 lands lignocellulosic SSF 61.7 1.0 1.4
biomass
Lactobacillus rhamnosus ATCC Pressed recycled N/D SHF 63.5 0.74 0.38 Marques et al. (2017)
7469 paper sludge enzyme SSF 73.2 0.76 0.44
hydrolysate Pulsed SSF 108.2 0.62 0.9
Lactobacillus acidophilus BCRC Microalgae Gracilaria N/D Batch 19.32 0.65 - Lin et al. (2020)
10695 and Lactobacillus plantarum  sp. HCl and enzyme
BCRC 12327 hydrolysate
Lactobacillus sp. L47 Corn straw hydrolysate L (+)-LA pH controlled batch 99.8 0.67 - Si et al. (2020)
Lactobacillus sp. TERI-D3 Rice straw hydrolysate ~ N/D Batch 11.16 0.96 - Verma and Subudhi
(2021)
Lactobacillus plantarum 23 Chilorella vulgaris ESP-  N/D Batch 40.30 0.97 6.72 Nandini et al. (2020)
31 acid hydrolysate Continuous 37.76 0.91 12.59
Lactobacillus plantarum Rice straw hydrolysate  N/D SSF 65.6 0.38 0.45 Tu et al. (2019)
Lactobacillus rhamnosus ATCC Brewer’s spent grain L (+)-LA pH-controlled 39.38 0.91 1.69 Pejin et al. (2017)
7469 hydrolysate batch
Lactobacillus rhamnosus ATCC Brewer’s spent grain L (+)-LA Batch 28.43 0.93 1.04 Radosavljevic et al.
7469 hydrolysate (2020)
Lactobacillus rhamnosus ATCC Waste bread stillage L (+)-LA Batch 50.59 0.91 1.40 Djukic-Vukovic et al.
7469 Waste potato stillage 46.21 0.81 1.28 (2016)
Brewer’s spent grain 17.22 0.34 0.48
hydrolysate
Lactobacillus rhamnosus CCM 1825  Spent coffee grounds N/D Batch 25.69 0.98 0.35 Hudeckova et al.,
hydrolysate (2018)
Lactobacillus rhamnosus + Sugar palm trunk N/D Batch 33.29 - 0.69 Erliana et al. (2020)
Lactobacillus brevis pretreated enzyme
hydrolysate
Lactobacillus casei ATCC 393 Distillers’ dried grains L (+)-LA Batch 101.7 0.84 3.9 Krull et al. (2020)
with solubles
Lactobacillus rhamnosus ATCC Spent coffee grounds N/D SHF 24.95 0.91 0.59 Koo et al. (2019)
10863 hydrolysate
N/D SHF 6.5 0.56 0.54 Lee et al. (2021)
(Continued on following page)
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TABLE 4 | (Continued) Microorganisms, substrates, and lactic acid yield and productivity from different feedstocks.

Lactic Acid from Lignocellulosic Materials

Microorganism Substrate Optical Process Lactic acid, Yield, Productivity, Reference
isomer organization g/l g/g g/l.h
sugar
Lactobacillus parabuchneri ATCC Spent coffee grounds
49374 hydrolysate
Lactobacillus brevis ATCC 8287 Spent coffee grounds N/D SHF 4.6 0.40 0.38 Lee et al. (2021)
hydrolysate
Lactobacillus delbrueckii ssp. Orange peel wastes D (-)-LA SHF - 0.95 6.72 delaTorreetal. (2019)
delbrueckii CECT286 hydrolysate
Lactobacillus delbrueckii ssp. Orange peel wastes D (-)-LA Batch delaTorre et al. (2020)
delbrueckii CECT286 hydrolysate Resting cells 81.5 0.76 2.60
Growing cells 99.8 0.83 1.57
Lactobacillus. delbrueckii ssp. Orange peel wastes D (-)-LA SHF 45 0.86 0.63 Bustamante et al.
delbrueckii CECT 286 hydrolysate (2020)
Lactobacillus. delbrueckii ssp. Orange peel wastes D (-)-LA SHF 39 0.84 0.55 Bustamante et al.
bulgaricus CECT 5037 hydrolysate (2020)
Lactobacillus delbrueckii subsp. Date palm waste N/D SHF 27.8 0.76 0.39 Alrumman (2016)
lactis hydrolysate
Lactobacillus coryniformis Alkali pretreated DDGS D (-)-LA SHF 241 0.73 1.3 Zaini et al. (2019)
SSF 27.9 0.85 1.5
Fed-batch 34.0 0.76 0.7
SSF(11 g/L)
SSF((22 g/L) 38.1 0.70 0.8
Lactobacillus coryniformis subsp. Pulp mill residue D (-)-LA Batch SHF 57 0.97 2.8 Moraes et al. (2016)
torquens enzyme hydrolysate
Sporolactobacillus inulinus DSM Corn gluten acid D (-)-LA  Fed batch 81 - 3.85 Brock et al. (2019)
20,348 hydrolysate
DDGS acid hydrolysate 107 - 3.44
Sunflower meal acid 108 - 3.27
hydrolysate
Rapeseed meal 221 0.96 1.55
enzyme hydrolysate
Bacillus coagulans Paper mill sludge L (+)-LA SSCF 82.6 0.83 0.69 Li et al. (2021)
Bacillus coagulans ATCC 7050 Macroalgae Eucheuma L (+)-LA SSF 14.0 0.99 - Chai et al. (2021)
denticulatum
Bacillus coagulans NCIM 5648 Alkali and enzyme L (+)-LA  SHF 69.2 0.55 2.88 Baral et al. (2020)
pretreated sugarcane
bagasse
Bacillus coagulans DSM ID 14-300  Concentrated L (+)-LA Batch 55.99 0.87 179 Oliveira et al. (2019)
sugarcane bagasse
HCI hydrolysate
Bacillus coagulans CC17 Bagasse sulfite pulp L (+)-LA SHF 32.22 0.5 - Zhou et al. (2016)
enzyme hydrolysate SSF 50.20 0.84
Fed-bach SSF 110 0.72
Bacillus coagulans CC17A Wheat straw dilute acid L (+)-LA SSCF 26.30 0.71 0.25 Ouyang et al. (2020)
and enzyme
hydrolysate
Bacillus coagulans LA1507 Sweet sorghum L (+)-LA SSF 111 0.73 1.59 Wang et al. (2016)
bagasse, NaOH
hydrolysate
Bacillus coagulans NCIM 5648 Alkali and enzyme L (+)-LA SHF Nalawade et al. (2020)
pretreated sugarcane 54.7 g/L glucose 50.4 0.92 2.4
bagasse 62.7 g/L glucose 51.24 0.81 1.75
Bacillus coagulans AD Corn stover—wet L (+)-LA Continous 22.3-35.2 0.95 3.69 Ahring et al. (2016)
explosion and enzyme
hydrolysis
Bacillus coagulans NBRC 12714 Corn stover L (+)-LA Batch 98.3 0.95 3.28 Ma et al. (2016)
hydrolysate Repeated batch 93.8 0.93 3.80
Continous 92.0 0.92 13.8
Bacillus coagulans strain H-1 Corncob hydrolysate L (+)-LA Batch 68.0-36 h 0.85 1.8 Jiang et al. (2019)
79.1-84 h 0.76 0.94
Bacillus coagulans LA-15-2 Rice straw hydrolysate L (+)-LA Batch 63.5 0.3 3.18 Chen et al. (2019)
Fed-batch 92.50 0.58 2.01
Bacillus coagulans Coffee mucilage L (+)-LA Batch 45.3 with 0.77 4.4 Neu et al. (2016)
yeast extract
(Continued on following page)
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TABLE 4 | (Continued) Microorganisms, substrates, and lactic acid yield and productivity from different feedstocks.

Lactic Acid from Lignocellulosic Materials

Microorganism Substrate Optical Process Lactic acid, Yield, Productivity, Reference
isomer organization g/l g/g g/l.h
sugar
43.3 without 0.70 1.5
yeast extract
Bacillus coagulans Pretreated corn cob N/D Batch 77.34 0.82 1.61 Alhafiz et al. (2020)
Bacillus coagulans JCM 2258 and Alkaline peroxide L (+)-LA SSF - 0.33 - Akao et al. (2016)
JCM 9076 pretreated corn stover
Bacillus coagulans GKN316 Cornstover diluted acid L (+)-LA Batch 35.37 0.83 0.91 Jiang et al. (2016)
hydrolysate
Acid-catalyzed steam- 45.39
exploded hydrolysate
Acid-catalyzed 16.83
liquid hot water
hydrolysate
Acid-catalyzed sulfite 18.71
hydrolysate
Bacillus coagulans LA204 NHz-H2O, pretreated N/D Batch SSF 33.62 0.42 0.23 Liu et al., (2020)
corn stover Fed-batch SSF 64.95 0.54 0.57
Bacillus coagulans 14-300 Rye straw (RS) SHF 1.738 Schroedter et al.
Digestate of energy RS 31.1 0.84 1.72 (2021)
corn silage DCS 211 0.84
hydrolysates (DCS) SSF
RS 39.3 - 0.82
DCS 15.7 - 0.58
Bacillus coagulans A-35 Sweet sorghum juice L (+)-LA Batch Olszewska-Widdrat
Lab. scale 78.75 0.78 1.77 et al. (2019)
Pilot plant 73.0 0.70 1.47
Pediococcus acidilactici 2Y271 Detoxified dry acid L (+)-LA Batch 61.6 0.87 2.34 Han et al. (2019)
pretreated corn stover
enzyme hydrolysate
Pediococcus acidilactici PA204 NaOH pretreated corn N/D Fed-batch SSF 25.92 (4% 0.65 0.54 Zhang et al. (2020)
stover stover)
92.01 (12% 0.77 1.28
stover)
104.11 (15% 0.69 1.24
stover)
Pediococcus acidilactici 2Y271 HoSO, pretreated corn L (+)-LA SSCF with 130.3 - 1.81 Wei et al. (2018)
stover Amorphotheca
resinae ZN1
Pediococcus acidilactici ZY15 HoSO, pretreated corn D (-)-LA SSCF with 124.8 1.738 Wei et al. (2018)
stover Amorphotheca
resinae ZN1
Bacillus coagulans L-LA 1507 NaOH pretreated corn L (+)-LA Fed-batch SSF 92.5 0.39 1.25 Chen et al. (2020)
stover
Rhizopus oryzae NLX-M-1 XOS waste residue d L (#)-LA SHF 34.0 0.34 0.71 Zhang et al. (2016)
from alkali-pretreated SSF 60.3 0.6 1.0
corncobs
Rhizopus oryzae 3.819 Sophora flavescens N/D SHF 30.6 - 0.23 Ma et al. (2020)
root SSF 46.8 0.33 0.97
Rhizopus oryzae MTCC5384 Paper sldge N/D SSF 27.0 0.36 1.19 Dhandapani et al.
(2021)
Escherichia coli JU15 Arthrospira platensis D (-)-LA SHF 25.5 0.86 2.8 Werlang et al. (2020)
hydrolysate
Escherichia coli JU15 Cassava bagasse D (-)-LA Batch 57.8 1.11 0.98 Utrilla et al. (2016)
hydrolysate
Escherichia coli AVO3 Corn stover 65.2 1.11 1.21
hydrolysate
Enterococcus hirae ds10 Sugar beet molasse N/D Batch 36.79 0.91 1.02 Abdel-Rahman et al.
High cell density 49.49 0.91 0.41 (2021)
batch
fed-batch 61.76 0.97 2.06
Enterococcus mundltii DSM 4838 Spent sulfite liquor L (+)-LA  Fed-batch 87.9 1.0 3.25 Hoheneder et al.
(2021)
N/D SSF 43.73 0.50 0.32 Sun et al. (2021)
(Continued on following page)
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TABLE 4 | (Continued) Microorganisms, substrates, and lactic acid yield and productivity from different feedstocks.

Microorganism Substrate Optical Process Lactic acid, Yield, Productivity, Reference
isomer organization g/l g/g g/l.h
sugar
Enterococcus (97.6%) dominated Acid pretreated corn
microbial consortia stover
Saccharomyces cerevisiae Spent coffee grounds N/D SSF 11.15 0.11 0.46 Kim et al. (2019)
Trichoderma reesei/Lactobcillus Steam pretreated N/D SSCF 19.8 0.83 0.1 Shahab et al. (2018)

pentosus beech wood

SHF, separate hydrolysis and fermentation; SSF, simultaneous saccharification and fermentation; SSCF, simultaneous saccharification and co-fermentation; N/D—not described.

Metabolic engineering is a powerful tool finding increased
application for overcoming some bottlenecks in lactic acid
production from lignocellulosic biomass—low yield, substrate
specificity, optical purity, acid tolerance, etc. Obtaining
genetically modified strains by adding genes for pentoses
assimilation, deleting undesirable branches in the metabolic
pathway, or deleting one of the lactate dehydrogenase genes
will help in using lignocellulosic feedstocks for pure lactic acid
isomers production. Wu et al. (2021) summarized the advances in
techniques of genome manipulation for engineering lactobacilli
and future development of genetic tools for obtaining
recombinant lactic acid bacteria.

The main approaches for obtaining high-performing strains
LAB are adaptive evolution, mutagenesis screening, and
metabolic engineering. Each of these methods has its own
advantages and disadvantages. High-throughput screening
techniques can be introduced into the post-mutagenesis
screening process, but still relies heavily on random mutation
and is time-consuming. In contrast, both metabolic engineering
and adaptive evolution approaches targeted compensating
shortcomings of mutagenesis screening. Currently, commonly
used methods for the gene editing and metabolic engineering of
LAB are plasmid-based homologous recombination, Red/RecET-
mediated double-stranded DNA recombination, and single-
stranded DNA recombination. Recently emerged CRISPR/
Cas9 gene-editing technique is characterized by simple
operation, efficiency, and precision (Tian et al, 2021). The
gene manipulation tools of lactic acid bacteria are also
discussed in Borner et al. (2019), Plavec and Berlec (2020),
and Cho et al. (2020).

Upadhyaya et al. (2014) highlighted four main challenges
(purity of lactic acid, acid tolerance of lactic acid bacteria,
carbon sources, and parameters for industrial production) and
summarized metabolic engineering solutions for lactic acid
production.

Mazzoli (2020) outlined two main strategies in metabolic
engineering of microorganisms for consolidated lactic acid
production  from lignocellulosic ~ biomass—recombinant
cellulolytic strategy, consisting in introducing cellulase systems
in native producers of LA, and native cellulolytic strategy, aiming
at improving LA production in natural cellulolytic
microorganisms.

Cubas-Cano et (2019) applied adaptive laboratory
evolution to improve the xylose fermentation capacity of a
Lactobacillus pentosus strain. In sequential batch cultivation

al.

the ratio xylose: glucose was increased gradually from 15: 5 to
20: 0. When an improvement in bacterial growth and xylose
consumption was detected the xylose content in media was
increased. Clones were isolated from the final population of
cells at different working conditions and that showed best
performance was selected for further experiments. The selected
strain (MAX2) showed up to 2-fold more xylose consumption
and lactic acid production in comparison with the parental strain.
The strain possessed high acidic tolerance and was capable to
convert mixed sugars presented in a wheat straw hydrolysate
(Cubas-Cano et al., 2019).

Other microorganisms were also been engineered for high
lactic acid production. Yang et al. (2013) engineered
Thermoanaerobacterium aotearoense by blocking the acetic
acid formation pathway. The observed maximum r-lactic
acid yield with the engineered strain was 0.93 g/g glucose,
0.79 g/g xylose, and 0.32 g/g xylan as a sole carbon source
without any pretreatment. The obtained optical purity of
L-lactic acid was 99.3% and the engineered strain was
capable of high production in non-sterile fermentation
(Yang et al.,, 2013).

Kong et al. (2019) described the genetic manipulation of a
yeast strain Kluyveromyces marxianus for effective LA
production from corncob. Introduction of heterologous
lactate dehydrogenase gene (from Plasmodium falciparum or
Bacillus subtilis) and the proton-coupled monocarboxylate
transporter gene from Saccharomyces cerevisiae together with
disruption  of putative D-lactate  dehydrogenase
Kluyveromyces marxianus led to production of 103.00 g/l
L-lactic acid with optical purity of 99.5% from 180.00 g/L
corncob residue via simultaneous saccharification and co-
fermentation (Kong et al., 2019).

Kuo et al. (2015) isolated twenty-six strains from soil and
putrid fruits and tested the ability of 11 of them to ferment wood
hydrolysate. Lactobacillus paracasei 7B showed high lactic acid
productivity and high tolerance to inhibitors was chosen for
further gene manipulation by interruption of IdhD gene. The
resulting strain was able to ferment glucose and lignocellulosic
hydrolysates of wood and rice straw without detoxification and
achieved high yields—215 g/L in fed-batch glucose fermentation,
99 g/L from the undetoxified and 102 g/L from the detoxified
hydrolysate (Kuo et al., 2015).

Turner et al. (2016) constructed a recombinant
Saccharomyces cerevisiae strain capable of assimilating
cellobiose and xylose and producing lactic acid. Different

in
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genes (cdt-1, ghl-1, XYL1, XYL2, XYL3, and IdhA) coding
cellobiose transporter, -glucosidase, xylose reductase, xylitol
dehydrogenase, xylulokinase, and lactate dehydrogenase were
integrated into the S. serevisiae. In the engineered strain native
pyruvate decarboxylase (pdc) and alcohol dehydrogenase
(adh) genes were not deleted, but still, almost no ethanol
was produced when fermenting a cellobiose and xylose
mixture. The engineered strain produced 83 g/L of lactic
acid with a yield of 0.66 g/g sugar from a cellulosic sugar
mixture (10 g/L glucose, 40 g/L xylose, and 80 g/L cellobiose)
(Turner et al.,, 2016).

Kim et al. (2019) engineered Saccharomyces cerevisiae SR8
to produce lactic acid and ethanol from pretreated spent coffee
grounds. The pRS41N-Cas9 plasmid was introduced and
expression of the lactate dehydrogenase gene was confirmed
(Kim et al., 2019).

Using helium-based atmospheric and room temperature
plasma mutation and evolution Jiang et al. (2016) adapted
Bacillus coagulans NLO1 strain to overcome the inhibitors’
action in corn stover hydrolysates. The mutant strain Bacillus
coagulans GKN316 was capable to convert different hydrolysates
to lactic acid with high inhibitor tolerance. The individual
inhibitory effect of furfural, 5-hydroxymethylfurfural, vanillin,
syringaldehyde, and p-hydroxybenzaldehyde was also studied
and was found that the syringyl compound was most toxic.
The strain B. coagulans GKN316 could effectively convert
these inhibitors to the less toxic corresponding alcohols (Jiang
et al., 2016).

Most of the microorganisms producing lactic acid ferment
sugars to L-lactic acid and there are only a few capable to
produce D-lactic acid. In recent years, the demand for
D-lactic acid has increased, especially for the production of
polylactic blends (stereo-complex polylactic acid, composed
of both L and p-lactic acid) which is characterized by a high
melting point. Therefore, the interest in p-lactic acid-producing
strains, including genetically manipulated also increases.

Zhang et al. investigated d-lactic production from glucose,
xylose, and alkaline corn stover hydrolysate by an L-lactate
deficient strain of Lactobacillus plantarum in which xylose-
assimilating  genes encoding xylose isomerase and
xylulokinase were successfully cloned. The engineered strain
produced 19,7 g/l d-lactic from 40g/L xylose in a batch
experiment. In a fed-batch mode production of 30.1 g/L of
d-lactic was achieved. When a mixture of glucose and xylose
(2:1 ratio) was used as a substrate, 47.2 g/l d-lactic was produced,
with a lactic acid yield of 0.84 g/g. The experiments with corn
stover were carried out in two modes—separate saccharification
and fermentation (SHF) and simultaneous saccharification and
fermentation (SSF). In the first case, 19.4 g/l p-lactic acid was
produced, while in the second—26.8 g/L when the hydrolysate
was supplemented with yeast extract and 29.4 g/L when soybean
meal extract was added. Finally, in a fed-batch experiment with
corn stover hydrolysate in SSF mode production of 61.3 g/l
D-lactic acid was achieved. The production of acetic acid was
observed in all experiments (Zhang et al., 2016). In other work,
the authors constructed and compared an L-lactate-deficient
mutant strain Lactobacillus plantarum NCIMB 8826 IdhL1 and
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its derivative harboring a xylose assimilation plasmid (DIdhL1-
pCU-PxylAB). Recombinant DIdhL1-pCU-PxylAB used xylose
to produce high yields of p-lactic acid and was able to ferment
xylose and glucose simultaneously which is an important
advantage when using lignocellulosic biomass as a substrate
for producing lactic acid. As substrates for p-lactic acid
production, corn stover and sorghum stalk hydrolysates were
successfully used. DIdhL1-pCUPxylAB produces 20% more
p-lactic acid than DIdhLI from lignocellulosic biomass. In the
SSCF process the yield increased about 38%, and
productivity—almost three-fold when compared with SHF
process (Zhang et al., 2016).

In a series of three papers, Kondo and coworkers studied the
possibility of d-lactic production with engineered Lactobacillus
plantarum  strains.  Firstly, they engineered an L-lactate
dehydrogenase-deficient  Lactobacillus ~ plantarum  strain  for
D-lactic acid production from cellulosic materials. When an
endoglucanase-secreting  plasmid was introduced into L.
plantarum 127 g/l Dp-lactic acid was produced with 2g/L
cellohexaose as substrate and 1.47 g/L with barley B-glucan as
substrate. Although anaerobic conditions partially suppressed this
conversion of d-lactic to acetic acid, the final product was
predominantly acetic acid (Okano et al., 2010). In another paper,
the xylose assimilating operon from Lactobacillus pentosus was
introduced into an 1-lactate dehydrogenase deficient Lactobacillus
plantarum to achieve efficient D-lactic acid fermentation from a
mixture of xylose and glucose. Successful homo-p-lactic acid
production was achieved 41.0 g/L lactic acid (88% g/g xylose
yield and 98.7% optical purity) from 50 g/L xylose. In the case of
a mixture of xylose and glucose (1:3 ratio) 74.2 g/L of lactic acid was
produced with 0.78 g/g sugar yield with p-lactic acid optical purity of
99.5%. Finally, a mixture of three sugars—xylose, glucose, and
arabinose (5:10:1 ratio) and 61.2 g/L of lactic acid was produced
with a yield of 0.80 g/g sugar consumed and 99.5% optical purity was
produced from 80 g/L sugars. Simultaneous sugars utilization was
achieved without carbon catabolite repression (Yoshida et al., 2011).
The last paper was focused on the p-lactic acid production from
delignified hardwood pulp. The previously described Lactobacillus
plantarum mutant (Yoshida et al., 2011) was used for p-lactic acid
production from both glucose and xylose in a simultaneous
saccharification and fermentation (SSF) process. The SSF resulted
in 55.2-84.6 g/L lactic acid, depending on the load (5-15%) after
72 h. To improve the enzymatic saccharification at high-load, short-
term pulverization of pulp was conducted. The pretreatment
significantly ameliorated saccharification and suppressed the
formic acid by-product formation. In this case, SSF resulted in a
lactic acid production of 102.3 g/(0.88 g/g-sugars yield) and optical
purity of 99.2%. (Hama et al,, 2015).

Zunar et al. (2020) manipulated a wild strain Lactobacillus
gasseri JCM 1131T firstly by transforming with plasmids carrying
additional copies for each of the three lactate dehydrogenases that
the wild type encodes for. Secondly, each of the three endogenous
genes for lactate dehydrogenases was inactivated using the
plasmid pHBintE, which was used for the first time to
inactivate genes in lactobacilli. Transformation of L. gasseri
with plasmids carrying additional genes for L- or D-lactate
dehydrogenases didn’t affect the ratio of produced
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stereoisomers, but inactivation of the endogenous genes created
strains which yielded 0.96 g/g glucose of either L- or p-lactate.
Constructed strains efficiently fermented wheat straw hydrolysate
and produced 0.37-0.42 g of lactate/g wheat straw (Zunar et al.,
2020).

Prasad et al. (2020) described the application of an evolutionary
engineered thermo-tolerant strain of Lactobacillus bulgaricus strain
in D-lactic acid production from rice straw. The engineered strain
was capable to work at 45°C and thus be used in an SSF process
enzyme significantly reducing the enzyme loading. The powdered
rice straw biomass was pretreated by dilute acid followed by steam
explosion. The rice straw was soaked with 0.2% w/v H,SO, for 24 h
and then heated to 175°C for 30min followed by rapid
decompression to atmospheric pressure. The pretreated rice straw
contained 45.84% cellulose and 4.63% xylan and was used in further
experiments after enzymatic hydrolysis with commercial cellulase
complex (SacchariSEB C6L Plus). SHF and batch and fed-bach SSF
mode of fermentation were carried out. In batch SSF experiments
11.8-32.4 g/l p-lactic acid was produced, depending on the enzyme
and total solid loading, while in fed-batch SSF the final obtained
lactic acid concentration was 108.6 g/L (Prasad et al., 2020).

Tian et al. (2021) developed through the CRISPR-Cas9 gene-
editing platform a high optical purity L-lactic acid producing
strains. Further, by adaptive evolution a high-performance strain
(NCBIOO01-M2-IdhL1-HT) was obtained, that could efficiently
produce L-lactic acid at a high temperature (45°C). The strain was
capable of producing 221.0g/L of L-lactic acid in open
fermentation. The productivity and yield were above 7.5 g/L/h
and 0.96 g/g respectively, and the optical purity of r-lactic acid
exceeded 99.1% (Tian et al., 2021).

A lactogenic Escherichia coli strain JU15 (MG1655, ApfIB,
AadhE, AfrdA, AxylFGH, gatC-S184L, AmidarpA, and Areg
27.3 kb) was used and modified to produce p-lactic acid from
sugarcane bagasse and corn stover hydrolysates. The strain JU15
was additionally genetically modified by deleting the pathways for
the production of 1-lactic acid and acetic acid, thus leading to a
new strain - AV03 (JU15, ApoxB, AackA-pta, AmgsA). While
JU15 showed sequential sugars assimilation and acetic acid
production, AV03 showed simultaneous sugars consumption
no acetic acid production, with a minimal nutrient addition in
pH-controlled fermentation. The p-lactic acid yield in all cases
was close to 0.95 g/g sugars (Utrilla et al., 2016).

Werlang et al. (2020) have also used the recombinant
Escherichia coli strain JU15 for p-lactic acid production from
algal biomass pretreated by acid and enzyme hydrolysis. The
strain was capable of producing 25.5 g/L p-lactate (86% of the
theoretical conversion of glucose to lactate) after 9h of
fermentation with 0.255g/g of dried A. platensis biomass
(Werlang et al., 2020).

6.2 Immobilized Microorganisms in Lactic
Acid Production From Lignocellulosic

Biomass

Cells immobilization offers undoubted advantages in a
fermentation process such as the possibility of realization of
fed-batch or continuous process; high cells concentration;
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increased stability of the biocatalyst and reduced influence of
substrate and product inhibition; easier separation of biocatalyst
from fermentation broth; and higher fermentation rate. Different
immobilization methods were used in lactic acid production from
biomass—adhesion, encapsulation, gel entrapment, etc.

Radosavljevic et al. (2021) used L. rhamnosus cells
immobilized by encapsulation in polyvinyl alcohol cryogel for
LA production from brewer’s spent grain (BSG) and malt rootlets
(MR) hydrolysates. For hydrolysate production, dry BSG and MR
in ratio 4:1 were sequentially mixed with Termamyl SC (amylase),
SAN Super 240 L (glucoamylase), and Cellic CTec2 (cellulase)
enzymes. After enzymatic hydrolysis, the obtained hydrolysate
was separated from solids and vacuum concentrated to 5.5%
reducing sugars content before was used in LA fermentations.
Application of 10% PV A in BSG and MR hydrolysate throughout
12 consecutive batch fermentations resulted in high LA yield and
volumetric productivity of 97.1% and 2.1 g/L h™", respectively
(Radosavljevic et al., 2021).

Lactobacillus bifermentans cells were immobilized in Ca-
alginate gel for lactic acid production from the wheat bran
hemicellulosic hydrolysate. Cells entrapped in calcium alginate
beads can consume all glucose and arabinose and 75% of xylose in
one step. The maximum values of lactic acid yield, productivity,
and percent sugar utilization were 0.83 g/g, 1.17 g/Lh, and 76%,
respectively, at temperature 42°C and pH 7.5 (Givry et al,, 2008).

Mladenovic et al. (2018) have used Lactobacillus paracasei
immobilized by adhesion onto agro-industrial
residues—sunflower seed hull, brewer’s spent grain, and sugar
beet pulp for lactic acid production from distillery waste potato
stillage remaining after bioethanol production. The immobilized
preparations were stable at least in five consecutive cycles and a
maximal LA concentration of 80.1 g/L with an average yield
coefficient of 0.97 g/g was achieved using sugar beet pulp. The
LA productivity was 1.48 g/Lh. In a later paper (Mladenovic et al.,
2019) extended their research on the possibility of simultaneous
production of LA and probiotic enriched livestock feed on a
combined substrate based on molasses and potato stillage. The
highest total LA concentration of 399 g/L and overall productivity
of 1.27 g/Lh was achieved in five repeated fermentation batches.

Shi et al. (2012) investigated the production of L-lactic acid by
immobilizing Lactococcus lactis cells in a fibrous bed bioreactor
system. The substrate was Jerusalem artichoke hydrolysate and
the immobilization was done by adhesion in a column packed
with spiral wound cotton towel. Using the fed-batch strategy,
142 g/L lactic acid was produced. Subsequent repeated-batch
fermentations further exhibited the persistence and stability of
the system for the high production of 1-lactic acid in a long term.

Lactobacillus plantarum 23 immobilized in polyvinyl
alcohol beads was tested for LA production from renewable
feedstocks (Nagarajan et al., 2020). Sugarcane bagasse, cheese
whey, and microalgal biomass of Chlorella vulgaris and Ulva
sp. were used as substrates after pretreatment. Sugarcane
bagasse was hydrolyzed by two steps—phosphoric acid
hydrolysis to remove the lignin fraction and obtain bagasse
cellulose, followed by sulfuric acid hydrolysis to hydrolyze the
cellulose. Microalgal biomass was subjected to a combined
acid/thermal pretreatment (4% H,SO,4, 120°C, 20 min). Lactic
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acid fermentation was carried out in batch and continuous
mode. The best results were obtained with sugarcane
bagasse—41-42g/L LA and 0.98-1.0g/g sugars and
microalgal biomass—37.9g/L and 0.91g/g sugars. In
another publication (Chen et al, 2020) extended the
research on LA production from Chlorella vulgaris biomass
with PVA immobilized Lactobacillus plantarum, including in-
situ LA removal by ion exchange. Optimal conditions of
fermentation were determined and a substantial increase in
LA yield (72%) was observed in the case fed-batch coupled
with jon exchange. Continuous fermentation using
immobilized L. plantarum with high productivity was
demonstrated (14.22 g/Lh from glucose and 9.93 g/Lh from
algal biomass) and immobilized beads could be used for
4 months without loss of activity.

Thakur et al. (2019) investigated lactic acid production from

sugarcane molasses by calcium alginate immobilized
Lactobacillus casei MTCC 1423 cells. Different process
parameters  (bead diameter, bead coating, biomass

concentration, shaking speed, substrate concentration, nitrogen
content, temperature, incubation time, and pH) were optimized.
The immobilized cells were stable between 4 and 9 cycles
depending on the bead coating method. At optimal conditions,
128.45 g/L lactic acid was achieved (Thakur et al.,, 2019).

7 PROCESS ORGANIZATION

All well-known biotechnological fermentation methods are also
applicable in lactic acid fermentation from lignocellulosic and
industrial wastes. Batch fermentation is the widely used and
simplest method. The fermentation medium is seeded with the
appropriate microorganism and no product is extracted or
substrate is added to the end of the process. High final LA
concentration and low risk of contamination are the main
advantages of this fermentation mode, while low cell densities,
low productivity, and substrate and/or product inhibition are the
main disadvantages. The substrate inhibition can be overcome by
fed-batch—substrate is added in portions and no product is
withdrawn, but still, product inhibition is the major obstacle.
In repeated batch (semicontinuous), fermentation a part or all of
the cells from a previous run are inoculated into the next run. The
semicontinuous mode can assure a decrease in time, energy costs,
and increased LA productivity. Continuous fermentation is
realized by steadily fresh medium feeding and fermentation
broth withdrawal. The dilution rate (the velocity of substrate
feeding and product withdrawal) must be carefully chosen, so no
cell washing or product accumulation is accomplished. The main
disadvantages of this process organization are incomplete
substrates utilization and low LA concentration. High cell
density fermentation using cell recycling is an efficient strategy
for enhancing sugar consumption. The cells retention by
ultrafiltration permits separation and recirculation. Cells
immobilization can resolve the problem with retention of the
cells into the system and facilitate continuous process realization.
Different reactor types— continuous stirred tank, packed bad, and
fibrous bad were utilized.
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The necessity of individual sugars production by hydrolysis of
cellulose and hemicellulose in pretreated lignocellulosic biomass
leads to the use of enzymes like amylases and cellulases. Separate
hydrolysis and fermentation (SHF) and simultaneous
saccharification and fermentation (SSF) are the main strategies
for lignocellulosic and waste biomass utilization. An asset of SHF
is that hydrolysis and fermentation are separately performed
under their optimal conditions. Usually, hydrolysis and
fermentation have different optimal conditions (temperature
and pH). The drawback is that during enzymatic hydrolysis,
the sugars released might lead to an increase of the inhibition and
suppress enzyme activity. On the other hand, SSF offers more
advantages than SHF—the possibility of a one-pot process,
reducing time and cost of fermentation, and reducing
inhibition. The mentioned above difference in optimal
temperatures and pH for both hydrolysis and fermentation is
the main drawback of SSF. A possible way of overcoming this
discrepancy lies in using microorganisms releasing cellulitic
enzymes during so-called simultaneous saccharification and
co-fermentation (SSCF). Tarraran and Mazzoli (2018)
reviewed recent research in co-fermentation of LAB with
native cellulolytic microorganisms, as well as the construction
of recombinant cellulolytic LAB by metabolic engineering, for
direct fermentation of plant biomass for reducing the high cost of
exogenous cellulase supplementation. Zaini et al. (2019)
compared SHF and SSF approaches for b-lactic acid
production from DDGS by Lactobacillus coryniformis. They
reported that SSF demonstrated better fermentation
characteristics compared to SHF [Zaini, Chatzifragkou and
Charalampopoulos, Microbial production of p-lactic acid from
Dried Distillers Grains with Solubles (DDGS) 2019]. An
additional plus offers the possibility of such microorganisms to
grow in the presence of inhibitors released during pretreatment.
Some of them use the inhibitors as a carbon source and thus
decreasing their concentration and negative effect on LA
Examples of wusing different modes of
fermentation are listed in Table 4.

Integration of fermentation and separation steps in situ
extractive fermentation gives the possibility of increasing
productivity and decreasing energy consumption. Different
methods are proposed for lactic acid removal—ion exchange
(Othman et al., 2018), membrane bioreactors (Gossi et al., 2020),
liquid-liquid extraction (Lan et al, 2019). Although process
integration is well documented in the case of lactic acid
production from sugars (M. Othman et al., 2017), there are no
published results for second-generation biomass.

Some advantages and drawbacks of different process
organizations are presented in Table 5.

fermentation.

8 SEPARATION

Downstream processing (separation, purification, and recovery)
is a very important step in lactic acid production and its cost can
reach up to 50% of the total price of the final product. In general,
separation and purification methods of second-generation LA
(from lignocellulosic feedstocks) don’t differ from these applied
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TABLE 5 | Advantages and drawbacks of different process organizations.

Fermentation mode Advantages

Batch Ease of operation; Low risk of contamination
High cell concentration
Fed batch Less substrate inhibition; Increase cell concentration

Repeated batch

Continuous Controlled growth; High productivity
Separate hydrolysis and fermentation

productivity; Low enzyme intake
Simultaneous saccharification and

fermentation Low cost
Separate hydrolysis and co- Bothe processes are performed at optimal conditions;
fermentation Increased product yield

Simultaneous saccharification and
co-fermentation

for first-generation LA. Having in mind that the use of pretreated
biomass for LA production can result in a more complex
fermentation broth, containing more impurities (unfermented
pentoses and hexoses, inhibitory substances, lignin, protein,
pigments, and salts), a more complex and expensive
downstream process will be needed. Therefore, searching for a
highly effective, improving LA vyield, low-cost, and
environmentally friendly method is of great importance. It is
well known that LA fermentation is characterized by relatively
low final concentration and low production rate, due on one
hand, to the change of pH caused by acid accumulation and, on
the other hand, to the product inhibition. Hence, neutralization of
the broth or in situ removal of the product and thus increasing
productivity is necessary. Sodium hydroxide, ammonia Ca(OH),,
or CaCOj; are used as neutralizing agents.

Conventionally, industrially produced by fermentation LA is
removed by precipitation with Ca(OH),. The method suffers
from many drawbacks—precipitated calcium lactate has
considerable ~ water  solubility [5-20%, depending on
temperature (10-50°C)], additional steps have to be applied for
converting lactate to free lactic acid—filtration, acidification with
H,SO, (generates a large amount of CaSOy,), activated carbon
purification and decolorization, concentration by evaporation
and crystallization. In the case of lignocellulosic biomass-
derived substrates, the separation process is additionally
complicated by other simultaneously precipitated.

Because of numerous disadvantages of the precipitation
method, different techniques have been investigated as an
alternative to the traditional recovery process. These include
liquid-liquid  extraction (including liquid membranes),
electrodialysis, ion exchange, membrane separation, aqueous
two-phase systems, etc.

Liquid-liquid extraction is a separation method based on
different solubility of the target compound in water and
immiscible organic solvent (hydrocarbons or alcohols with
high molecular mass). For increasing the partition a chemical
called extractant is added to the organic phase. The target
compound (lactic acid) forms a complex with the extractant
with an increased affinity towards the organic phase.

Short process time; Increased cells growth

Each process is performed at optimal condition; Increased

Shorter time; Reduced reactor volume; Reduced inhibition;

Lower risk of contamination; Lower costs; Shorter time
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Disadvantages

Substrate and product inhibition

Low yield

Product inhibition; Difficulties of maintaining process conditions
Decreasing productivity with increasing batch number; Problems
with cells viability and stability

Incomplete substrate utilization; Possible cells washing or product
accumulation

Higher risk of contamination; Increased inhibition; Requires more
equipment

Difficulties in matching of optimal conditions for both processes

Increased risk of contamination; Increased enzyme requirements;
Increased inhibition

Increased enzyme requirements; Difficulties in matching of optimal
conditions for both processes

Different membrane-based separation techniques (micro-,
ultra-, nano-filtration, reverse osmose, and pervaporation) can
be successfully used as a preliminary step for lactic acid
purification. These methods are environmentally friendly and
easily scaled up. Usually, they are employed for the separation of
cells, proteins, and sugars.

Adsorption is a powerful method for bioseparation with easy
regeneration, low energy consumption, and high selectivity.
Neutral (activated carbon) or ion exchange adsorbents can be
used. Din et al. (2021) analyzed in-depth second-generation lactic
acid separation and recovery from fermentation broth by ion
exchange. The authors highlighted different factors influencing
the process and briefly discussed other methods for LA
separation.

Electrodialysis is a method facilitating salt ions transport
through an ijon-exchange membrane from one to another
solution by applying an electric field. Mono- and bipolar
electrodialysis are widely used for lactic acid separation.

Aqueous two-phase systems (ATPS) are formed when two
water-soluble polymers (or a polymer and a salt) are mixed in a
common solution. Because of the incompatibility of the
constituents, the system is separated into two phases. ATPS
are extensively used in the separation of various bioproducts.
Zhou et al. (2021) investigated the separation of lactic acid from
simulated and actual lignocellulosic (from SSCF of dilute acid-
pretreated corn stover) fermentation broth. In a three-stage ionic
liquid-based sugaring-out extraction from the filtered and
unfiltered fermentation broth, the total recovery of LA was
89.5 and 89.4%, respectively (Zhou et al., 2021).

Other methods like molecular distillation, short path
evaporation,  salting-out  extraction, emulsion liquid
membranes are also tested for lactic acid separation. There are
numerous papers concerning lactic acid separation from the
fermentation broth, but the majority of them are devoted to
lactic acid produced of sugars or starchy materials (first
generation LA), and data for the separation of lactic acid
obtained from lignocellulosic biomass are scarce. Several
review papers summarize recent progress in lactic acid
separation by different methods (Kumar et al.,, 2019; Li et al,
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2021; Yankov 2020). De Oliveira et al. (2020) discussed current
state-of-the-art on the separation and purification methods of
lactic acid derived from the fermentation of second-generation
feedstocks.

Baral et al. (2021) investigated lactic acid separation from the
broth after sugarcane bagasse hydrolysate fermentation. Various
extractants  (tripropylamine, trihexylamine, trioctylamine,
triisootcylamine, and tributylphosphate) and diluents
(chloroform, dodecane, ethyl acetate, MIBK, hexane, and 1-
octanol) were screened for choosing the best extractant-diluent
pair. Tributylphosphate and ethyl acetate were selected because of
their higher extraction efficiency—59.63 + 1.28%. Different
salts—calcium  chloride, ammonium  sulfate, sodium
dihydrogen phosphate, and,di-potassium hydrogen phosphate
were used in the view to enhance extraction. Salting-out
extraction with 60% ammonium sulfate increased the lactic
acid extraction efficiency to 85.95 + 0.44%. About 80% salt
recovery was achieved using chilled acetone (Baral et al., 2021).

Demmelmayer and Kienberger (2022) studied reactive
extraction of lactic acid from sweet sorghum silage press juice.
Different extractants (dioctylamine, trioctylamine, and Aliquat
336) and diluents/modifiers (octanol, decanol, hexane, nonane,
and undecane) were used in various ratios. Stripping of the loaded
organic phase was done by sodium hydroxide. The extraction
efficiency of 41.1% was reached using system DOA/ALIQ:
1-octanol:n—-nonane (35:35; 15:15) with a stripping efficiency
of 98.2% (Demmelmayer and Kienberger 2022).

Hu et al. (2017) explored lactic acid recovery from
fermentation broths of food waste and bakery waste
hydrolysates by continuous ultrasonic solvent extraction. They
compared the extraction efficiency of six organic solvents and
chose ethyl acetate (EA) as the best option. The extraction into
ethyl acetate (LA:EA ratio 1:2) by sonication at pH 2 under room
temperature resulted in 82-84% yield and 98% purity (Hu et al,,
2017).

Lan et al. (2019) compared two methods for lactic acid
extraction from corn stover hemicellulose-derived liquor
(HDL). In the first one, 10% trioctylamine in octanol was used
with 50.8% extraction efficiency. An additional salting-out
extraction step was included before TOA extraction. The
salting-out extraction was done in THF/NaCl system. The
overall efficiency of 83% was achieved in the two-step
extraction of an activated carbon-treated HDL. The process
provided stable LA removal during five consecutive extraction/
striping cycles (Lan et al., 2019).

Xu et al. (2018) studied salting-out extraction of lactic acid in
systems composed of Na,SO, and organic solvent (1,4-dioxane,
THEF, y-butyrolactone, and y-valerolactone). Best results were
obtained with the system Na,SO,/1,4-dioxane, and the
conditions for LA extraction were further optimized. In the
case of 13.5% Na,S0,/28% 1,4-dioxane, at low pH (1.68) 91%
extraction efficiency was achieved in the case of model LA
solution and 90% from real mixture directly derived from the
chemical catalytic conversion of corn stover (Xu et al., 2018).

Chen et al. (2020) realized a combined process for LA
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ultrafiltration cell and retentate, containing mainly cellulase was
recycled. The permeate was acidified to liberate free acid from
calcium lactate and the liquid fraction was transferred in a
nanofiltration unit. The permeate was further purified by
distillation for pure lactic acid production, while the retentate,
containing mainly residual sugars was transferred back in the
fermentor. A total of six cycles of fed-batch SSF were performed
(Chen et al., 2020).

Short-path evaporation of lactic acid from hemicellulose
hydrolysate after acid hydrolysis of sugarcane bagasse was
investigated by De Oliveira et al. (2020) During the
fermentation pH of the broth was maintained by Ca(OH),. At
the end of fermentation, the broth was treated with sulphuric acid
for calcium lactate destroying and then filtered and centrifuged.
The clear liquid was evaporated and a concentration of 3 times
(from 27.85 g/L to 86.69 g/L) was obtained at 120°C evaporator
temperature of, 13°C condenser temperature of, and 8.27 ml/min
feed flow rate. The authors mentioned a more difficult process
than the separation of LA from sugars (Oliveira et al., 2019).

Garett et al. (2015) realized an in situ extractive fermentation
of lactic acid from corn stover sugars. The corn stover was
pretreated by a wet explosion followed by enzyme hydrolysis.
The resulting sugar solution was fermented by a mixed culture,
dominated by a Bacillus coagulans strain. A weak base resin
Amberlite IRA-67 was used for LA removal during fermentation.
The base eluted resin was able to maintain stable fermentation
over 108-days, during which the average loading of lactic and
acetic acids was 112.2 and 19.6 mg acid/g resin, respectively
(Garrett et al., 2015).

Oonkhanond et al. (2017) used pretreated sugarcane bagasse
in an integrated system with ex-situ nanofiltration. The first step
fractionation was carried out using acid ethanolysis (5N H,SO, in
50% v/v ethanol) at 90°C for 4h. In the second step, the
neutralized solid part was treated with an alkaline/peroxide
reaction at 4.5% wt H,O, at pH 11.5 for 24 h at 60°C. and
finally was hydrolyzed by Accellerase 1,500 at pH 5.0, 50°C for
96 h. Using nanofiltration with a low flux membrane, lactic acid
was efficiently separated from the fermentation broth, and after
vacuum distillation, a lactic acid solution with 80% purity was
achieved (Oonkhanond et al., 2017).

Alexandri et al. (2018) carried out a pilot-scale LA production
using a defined medium with glucose, acid whey, sugar bread, and
crust bread, coupled with membrane technologies.
Microfiltration and nanofiltration were successfully used to
separate lactic acid from the majority of the other
fermentation components, leading to a more than 10%
improvement of lactic acid’s purity (Alexandri et al.,, 2018).

Neu et al. (2016) explored different methods for downstream
processing of a lactic acid stream obtained after fermentation of
coffee mucilage. Micro- and nanofiltration, electro-dialysis, ion-
exchange, and distillation result in a 930 g/L lactic acid solution
with 99.8% purity (Neu et al., 2016).

Olszewska-Widdrat et al. (2019) investigated complex
method combining various technics in LA separation from
sweet sorghum juice—filtration and ultra-filtration, chelating

production and separation. After fermentation of corn cob  resin, mono- and bipolar electrodialysis, followed by
hydrolysate, the fermentation broth was fed into an  chromatography @ and  vacuum  evaporation  were
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subsequently carried out producing a 905.8 g/L lactic acid
solution, with an optical purity of 98.9% (Olszewska-
Widdrat et al., 2019).

Prado-Rubio et al. (2020) presented a techno-economic
assessment of lactic acid (produced from sugarcane feedstock)
separation. The evaluation of three separation methods (reactive
distillation, reactive extraction, and electrodialysis) was made
based on a LA/water stream in mass ratio 0.3038/0.6962. The
calculations were made using a specific methodology design for
each separation technique applying Aspen Plus, Matlab, and their
combination. Taking reactive distillation as a base, other methods
showed a significant reduction in total annual cost—reactive
extraction—44% and electrodialysis—55% (Prado-Rubio et al.,
2020).

Mandegari et al. (2017) investigated four scenarios for ethanol
and/or lactic acid production in lignocellulose biorefineries
annexed to a typical sugar mill using Aspen Plus simulator.
Economic evaluation, energy assessment, and environmental
life cycle assessment (LCA) were carried out. The LCA
suggested that all LA producing scenarios introduced
environmental burdens (Mandegari et al., 2017).

9 CONCLUSION AND PERSPECTIVES

In the way of decreasing dependence on petroleum-based
production of valuable chemicals, considerable efforts are
concentrated on the investigation of different lignocellulosic
feedstocks as raw materials for fermentative production of
various chemical products. Fermentative lactic acid production
from first-generation biomass is an example of a growing
production process. High cost of the substrates and enzymes,
some environmental issues, food competition, and waste
generation are the factors hindering the industrial process
implementation. Second and third-generation sources present
an attractive alternative for lactic acid production. From the
summarized here research during the last 5years, the most
employed feedstock is corn stover and the most used
pretreatment  method—acid and  enzyme  hydrolysis.
Nevertheless, there are numerous challenges in the route
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Mesoporous silica nanoparticles (MSNs) are widely used as a promising candidate for drug
delivery applications due to silica’s favorable biocompatibility, thermal stability, and
chemical properties. Silica’s unigue mesoporous structure allows for effective drug
loading and controlled release at the target site. In this review, we have discussed
various methods of MSNs’ mechanism, properties, and its drug delivery applications.
As a result, we came to the conclusion that more in vivo biocompatibility studies, toxicity
studies, bio-distribution studies and clinical research are essential for MSN advancement.
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INTRODUCTION

One of the most important purposes pursued by nanotechnology is the production of
nanoparticles that have the desired distribution of drug in the body (El-Boubbou, 2018;
Tandel et al., 2018). Over the past two decades, researchers have concluded that a vital step
in the development of drugs is to focus on designing new drug delivery systems (NDDS)
(Martinez-Ortega et al., 2019). Ideally, all new systems should improve the stability, absorption,
drug concentration, and long-term release of the drug in the target tissue. In addition (Djekic
et al,, 2019), reducing the number of drug injections to increase patient comfort (Reibaldi et al.,
2019), advanced drug delivery systems (Bhatia, 2016), pharmacokinetics of proteins (Turner and
Balu-Iyer, 2018), and peptides (Hughes, 2005) that are usually low in half-time should be
considered. The ultimate goal of the drug research is to safely transfer the drug to the suitable
location in the body at the right time (Jahangirian et al., 2017; Yin and Zhang, 2020). However,
for many drugs, these ideals are often impossible. For example, the oral method is usually the
best way to use a drug due to non-invasiveness, but peptides and proteins will be absorbed and
effectiveness will be reduced due to the acidic properties of the stomach, as well as the effects of
the first transfer of the liver, such as drug loss due to metabolic processes prior to systemic
rotation and resistance by the intestine (Ahmed and Aljaeid, 2016; Khdair et al., 2016). Finally,
its accessibility will be greatly diminished. Nanotechnology, with the elimination of many
problems with traditional drugs, allows the application of oral drugs that were previously not
usable. In some cases, co-administration of the drug with nanoparticles can increase the
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bioavailability of the drug in a way that is useful for oral use
(Chen et al., 2018). Nanoparticles protect the drugs that are
susceptible to degradation in the body and give more durability
to the drug’s presence in the blood, attach the drug to the target
tissue, release the drug in the target site, and increase the
efficacy of the drug several times over (McClements, 2018;
Paunovska et al., 2018). The main roles of the preparation of
nano-drug delivery systems are to control particle size (Cooley
et al., 2018), surface properties (Banerjee et al., 2016) and
release of the drug in a good therapeutic dose (Kamaly et al.,
2016). Generally, by fabricating silica, the micelles self-
assemble around a template and then remove the template
using a suitable method such as calcination The design and
manufacture of controlled drug release systems can be very
helpful in cancer drug therapies. So far, many substances have
been introduced as drug release systems, among which
biodegradable polymer materials (Goetjen et al, 2020),
ceramic materials such as hydroxyapatite (Martinez-
Vazquez et al., 2015), and calcium phosphates (Kapoor
et al, 2015) can be mentioned. Recently, mesoporous
materials have attracted the most attention in this regard.
In fact, the porosity of silica mesoporous materials allows
biologically active molecules of different sizes to locate in
the cavities of these materials (Vallet-Regi et al., 2007).
Also, the regular porosity of these materials makes it
possible to achieve a convenient loading and release rate
(Anglin et al., 2008). Conversely, as the adsorption of
molecules into mesoporous (Manzano and Vallet-Regi,
2019) is a surface phenomenon and the specific surface of
these materials also results in the absorption of more active
biological molecules (Manzano and Vallet-Regi, 2019). What
is important in designing a drug release system is
biocompatibility and biodegradability (Jindal et al., 2019).
Recent research is based on the development of drug
delivery systems that are stable in structure and capable of
carrying large volumes of drugs without the problem of early
release to target tissues or even small intracellular organs
(Manzano and Vallet-Regi, 2019). Among many of the
materials that have been investigated in terms of their
stable structure for drug delivery, silica mesoporous
nanomaterials are known to be biocompatible with defined
structures and certain surface specific properties (Dudarko
etal., 2019). Silica mesoporous is known as a selective material
for the biological applications of inorganic nanoparticles.
Typically,  silica  meso-nanostructure  coated  with
semiconductor quantum dots, such as high-stability
cadmium sulfide and selenide (Sharma et al., 2019; Tarrahi
et al., 2019), has the potential for chemical change and high
biocompatibility that can be used for many diagnostic
biomedical applications. In addition, meso silica
nanoparticle can be applied to increase the biocompatibility
of several drug delivery systems, such as magnetic
nanoparticles (Vallet-Regi et al., 2018), biopolymers (Nairi
etal., 2018) and micelles (Zhang et al., 2019). In this article, we
have reviewed and studied the introduction of various types of
silica mesostructure and their application in various drug
delivery processes, the advantages of the application of
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silica nanoparticles in drug delivery systems, and
biocompatibility and mechanism reception by the host cell.

MESOPOROUS SILICA MATERIALS AND
ITS SYNTHETIC METHOD

In general, the porous nanoparticles are divided into three groups
according to their size: Microporous (pore size: <2nm),
mesoporous (pore size: 2-50 nm) and macroporous (pore size:
>50 nm) (Vallet-Regi, 2012). The mesoporus silica was produced
in two steps: first, the micelles self-assembled around a template
and then the template was removed via calcination (Figure 1).
Mesoporous nanomaterials with a well-defined architecture have
a high density of silanol (Si-OH) functional groups at their
surface that can be modified with a wide range of organic
groups to stabilize biomolecules and other applications (Wang,
2009).

Chen and coworkers developed the “DOX@MSNs-CAIX”
targeted and redox-responsive drug delivery system, in which
MSNs were used as the vehicle for loading chemotherapeutic drug
doxorubicin (DOX) and CAIX grafted on MSNs by disulfide
bonds. MSNs-CAIX are a promising medication delivery method
for cancer treatment with a specific target (Meynen et al., 2009).

In some cases, additional functional groups penetrate into the
mesoporous nanoparticles due to fills the silica walls, and
consequently reducing the size of the pore and drug loading,
despite the fact that this controls drug release. Modification of the
nanoparticles surface with a variety of functional groups can
cause changes in electrostatic forces, hydrophilic or hydrophobic
forces, and internal reactions of the drug and the matrix (Meynen
et al., 2009). Various methods for producing silica mesoporous
nanomaterials have been reported that show, with sufficient
knowledge of preparation methods, pore size engineering,
morphological control, and structural properties, that these
materials can be of good quality. In addition, the
manufacturing of these materials by modifying different of
agents, such as a diversity of surfactants, acquires the specific
mechanism and the internal reaction of silica with template
molecules (Wang et al., 2016; Yi, 2021). For example, through
direct reaction of S'T, they occur between a positively charged
molecular based organized system (MOS) activating surface ion
by and a negatively charged silicate source. Two kinds of
mechanisms including liquid crystal templating, self-assembly
mechanisms have been proposed for mesoporous synthesis
(Meynen et al, 2009). Figure 2 presents an overview of
possible pathways for their synthesis.

These materials can also be manufactured using surface
activators called polymeric based organized systems (POS)
through the indirect reaction of template with a silicate source
in an acidic media. Conversely, the interaction between the MOS
and the inorganic silicate source (S°1°) leads to the formation of
hollow mesoporous silica (HMS) materials (Meynen et al., 2009).
Many factors such as pH, salts, inflammasome, co-solvents, co-
surfactants, concentration, specific silicate source, solvent, and
temperature are involved in the organization of mesopores (Zhao
et al.,, 2000). In a typical method of preparation of mesosilica
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FIGURE 1 | Preparation route for CAIX guided mesoporous silica nanoparticles (Chen et al., 2020).
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FIGURE 2 | Possible pathways for the synthesis of mesoporous materials (A) Liquid crystal templating and (B) self-assembly.

materials, the dissolution of template molecules in the solvent and
the addition of a silicate source such as tetraethoxy ortho silane
(TEOS), meta silicate (Na,SiO;), and gaseous silica are
performed. After some time at a certain temperature, the
hydrolysis and condensation processes begin. Finally, the
resulting product is washed and dried, and by removing the
mold using calcining, the silica mesoporous is obtained (Kim
et al., 2000).

Mesoporus silica nanoparticles have shown to have excellent
properties for biomedical applications. These properties includes
porous ordered and well aligned structure, which shows fine
control of drug delivery and release kinetics; larger surface area
and pore volume, which shows high potential for molecule
loading and dissolution enhancement; tunable particle size in
between 50 and 300 nm which is suitable for facile endocytosis by
living cells; and silanol-contained surfaces have two functional
surfaces with cylindrical pore surface, exhibit better control over
drug loading and release; and have excellent biocompatibility.

The oral route is the most popular route for drug delivery,
despite the fact that many medicines, particularly highly pH- and/
or enzymatic biodegradable peptide substances, are extremely
difficult to manufacture and obtain efficient intestine absorption.
Only if the drug 1) is substantially present as a solution in the

gastrointestinal tract, 2) is able to penetrate through the intestinal
mucus, 3) overcomes the various gastrointestinal barriers, and 4)
provides an effective therapeutic dose that is efficient for
systematic absorption of an active substance, is oral ingestion
possible. As a result, improving the oral bioavailability of poorly
soluble medications is still a major challenge for the
pharmaceutical industry. Despite the fact that several
traditional drug carriers have solved some of the problems
associated with the oral delivery of poorly soluble medicines,
only a few have fulfilled commercialization requirements. Due to
these limitations, scientists have begun to rethink their methods
for targeted drug delivery systems and researchers have begun
looking for alternate vectorized carriers (Florek et al., 2017).
Lee et al. synthesized MSNs with varying concentrations of
positive surface charges (Lee et al., 2008). The positive surface
charge was achieved by directly co-condensing a TA-silane and
tetraethoxysilane (TEOS) in the presence of a base as a catalyst
and inserting trimethylammonium (TA) functional groups into
the framework of MSN (MSN-TA). These MSN-TA samples
have well-defined hexagonal structures with an average particle
diameter of 100 nm, pore size of 2.7 nm, and surface area of about
1,000 m* g, Anionic drug molecules, Orange II (a fluorescent
tracing molecule), and sulfasalazine (an anti-inflammatory
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prodrug used for bowel disorders) were successfully loaded into
these MSN-TA samples and persisted within the MSN-TA in an
acidic environment (pH 2-5) (Li et al., 20211196). Guha and
others  developed  poly  (methacrylic  acid-co-vinyl
triethoxylsilane) coated MSN with better hypoglycemic effect
for insulin delivery (Guha et al, 2016). Ang and coworkers
have reported the synthesis of MCM-41 nanoparticles using
sol-gel method for oral delivery of MCC7433 and pretomanid
and its surface was modified with phosphonate and amino groups
(Ang et al., 2021). The impact of various structural features of
MSNs on protein loading, protection, and delivery performance
have been reviewed by Xu and coworkers. They also discussed the
current state of MSN research in enzyme mobilization, catalysis,
intracellular delivery, extracellular delivery, and antimicrobial
protein delivery (Xu et al., 2019). Janjua and coworkers have
developed a room temperature procedure for synthesizing ultra-
small silica nanoparticles with large pore sizes that can load high
amounts of chemotherapeutic medicines and attach a targeting
moiety to their surface for the first time. To accomplish additional
active targeting, the nanoparticles were coupled with lactoferrin
(>80 kDa), whose receptors are overexpressed by both the blood-
brain barrier and glioblastoma (Janjua et al., 2021).

Meka et al. studied the solubility, permeability, and anti-
cancer activity of vorinostat encapsulated within MSNs with
various functional groups. When vorinostat was encapsulated
in pristine MSNs, its solubility was increased by 2.6 fold when
compared to the free drug (MCM-41-VOR). When MSNs were
treated with silanes with amino (3.9 fold) or phosphonate (4.3
fold) terminal functional groups and solubility were increased
even further. Also, MSN-based formulations considerably
improved vorinostat permeability into Caco-2 human colon
cancer cells, particularly MSNs modified with an amino
functional group (MCM-41-NH,-VOR), where it increased by
fourfold (Meka et al., 2018).

TYPES OF SILICA MESOPOROUS
SYSTEMS

The meso-silica, due to their high thermality, chemical stability,
high surface area, and good compatibility with other materials
meso-silica systems, they have found wide applications in
adsorption, enzyme stabilization and particularly drug delivery.
These structures are MCM (Mobile Composition of Matter), SBA
(Santa Barbara Amorphous), TUD (Technische Universiteit
Delft), HMS (Hollow Mesoporous Silica) and MCF (Meso
Cellular Form) (Yue et al, 2000; Heikkili et al., 2007;
Martinez-Edo et al., 2018; Wang et al., 2018).

Mobile Composition of Matter

These adsorbents are the first material in the mesopores
generation that were synthesized in1992, which was the first
step in the design of novel silica meso-carriers (Vadia and Rajput,
2011). The two groups identified from this family are MCM-41
(Chen et al., 1993) and MCM-48 (Kim et al., 2010). The synthesis
of these materials is based on the creation of a liquid crystalline
mesophase of surfactants that takes place in an acidic or base
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media (Janicke et al., 1999). Their appearance, shape, and pore
size can be changed by manipulating pH and adding co-solvent.
During the synthesis of MCM, from CTAB (Cethyl trimethyl
ammonium Bromide) cationic surfactant, which is strongly
stirred in a high-temperature in a basic solution are apply.
TEOS is then added and the resulting solution is heated at
high temperature to be stirred for 2h. After the reaction is
complete, the product is filtered, rinsed with water and
ethanol and then dried under vacuum. The surfactant is then
removed by acid wash (Figure 3) (Janicke et al., 1999).

Depending on the synthesis conditions, inorganic silica
templates can be hexagonal, irregular, cubic, and so on. The
first case was reported in the release of silica porous mesoporous
to carriers of MCM-41 with ibuprofen (Salonen et al., 2008).
Kavallaro et al. used Al Si- MCM-41 mesoporous silica for drugs
such as difflonisal and its sodium salt and naproxen. Qiu and et al.
investigated the Si-MCM-41 system as carrier of the drug
captopril in water. They obtained a cavity size of 4.3 nm and a
loading of 32.5%, while Kavrallo et al. obtained a cavity size of
2.79 nm and a total of 15.6% loading. The lower drug loading for
Al Si-MCM-41 is presence of Al and Si metals of loaded in the
MCM-41 pores, so if the size of the pore is less, the amount of
drug loading is increases (Cavallaro et al., 2004).

Zeng et al. synthesized MCM-41 with the organic group of
aminopropyl as carriers of aspirin and the results showed its release
properties were influenced by the amount and distribution of
aminopropyl groups in the pores wall and their regular structure
(Zeng et al., 2005). MCM-48 is another mesoporous carrier from
MCM group that has the three-dimensional shape group and cubic
cavities, and the delayed release of the erythromycin antibiotic from
this adsorbent was observed (Izquierdo-Barba et al., 2005). Lz-
quierdo-Barba et al. conducted synthesis of MCM-48/erythromycin
and MCM-48/ibuprofen nanocarriers. They illustrate that both have
good release (Izquierdo-Barba et al., 2005). Also, these matters have
been reported to increase the dissolution rate of piroxicam analgesic
(Patil et al., 2019).

Santa Barbara Amorphous

In1998, silica materials with regular meso pores synthesized in
acidic conditions using non-ionic copolymers were
synthesized with high amounts of polyethylene oxide and
polypropylene oxide such as F-127 and P-123 pluronic
(Speybroeck et al.,, 2009). The naming of these batches is
based on their shape, such that the SBA-1 has a cage shape
with cube circular pores (Che et al., 2001), SBA-11 (cubic)
(Che et al., 2001), SBA-3 has a six-sided cylindrical porosity
shape (Chen et al., 2004), SBA-14 (sheet) (Yu et al., 2018),
SBA-15 has a two-dimensional hexagon shape (Margolese
et al., 2000) and SBA-16 has a cubic cage structure (Rivera-
Mufoz and Huirache-Acuna, 2010). Among these
mesostructures, the SBA-15, followed by the SBA-16,
quickly became the focus of attention. Because they have
desirable surfaces, physicochemical properties such as low
toxicity, biocompatibility, biodegradability, low-cost sources
for synthesis, and are widespread their daily applications
(Speybroeck et al., 2009). The SBA mesoporous pore wall is
thicker than the MCM,; although their specific surface area and

Frontiers in Chemistry | www.frontiersin.org

84

March 2022 | Volume 10 | Article 823785


https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Kazemzadeh et al.

MSN and its Drug Delivery Applications: A Review

FIGURE 3 | Synthesis of MCM-41 in basic media (Janicke et al., 1999).
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pore volume are smaller than the MCM group, but they have a
high mechanical and thermal stability (Speybroeck et al.,
2009). Recently, the use of SBA-15 as a drug carrier has
been evaluated and proven to have a structural shape and
pore size effect on atenolol release. The appearance of the
properties can be changed by altering the synthesis
temperature. It also appears that SBA-15 is leading to the
slow release of drugs (Speybroeck et al., 2009). Wang et al.
showed that the choice of aqueous and non-aqueous solvents
for loading into the SBA-15 had a significant effect on the rate
of drug dissolution (Wang, 2009). An acceptable therapeutic
target of hybrid porous mesoporous silica to which amine
functional groups were added was also observed in folic acid
loading (Figure 4) (Freitas et al., 2016).

Melaerts et al. locate itraconazole, a low-soluble antifungal
drug in porous SBA-15, which increased its release. Zelenak et al.
stabilized two Zns(benzoate)g(nicotinamide), ZnNIA and Zn
(benzoate),(3-pyridinemethanol),],(ZnPCB) antibacterial drug
complexes on SBA-16 and examined their release (Zelendk
et al., 2005).

Other Silica Mesopores

TUD-1 is similar to foam because of its three-dimensional
structure, where ibuprofen loading has led to improved drug
release rates. Its synthesis conditions are slightly different from
that of porous silica nanoparticles and the manufacturing
process is carried out without the presence of surfactants,
which is essential in terms of toxicity reduction and
economic feasability. It has a high absorption capacity and
is suitable for loading water-soluble drugs (Heikkild et al.,
2007). HMS has been reported as another meso-silica with a
porous structure, the central part of which is hollow, which has
given it the potential to load the drug as a nano-carrier (Zhu
et al., 2005). The loading of ibuprofen and vancomycin by
MCFs has been reported to have resulted in their dissolution
rate increasing and as a good candidate for drug delivery (Zhu
et al., 2009).

The incorporation of magnetic nanoparticles with
mesoporous nanoparticles with a particle diameter of about
150 nm and pore size of 4 nm also showed slow drug release,
similar to ibuprofen (Kim et al., 2006).
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FIGURE 5 | Functionalization of mesoporous silica by grafting.

FUNCTIONALIZATION OF MESOPOROUS
SILICA

Modification of the surface of the porous silica nanoparticles is
carried out to enhance their different physical and chemical
attributes. As mentioned, porous silica materials have an
unusually broad surface area. Their surface is covered with
silanol groups, which makes their cavities surface functional to
be adjustable, which dramatically enhances the various physical
and chemical properties (Kim et al., 2006). For example, the
mesoporous surface of the silica can be modified by sulfonic acid
groups derived from oxidized mercapto. Modified mesosilica
can also be obtained with the aldehyde functional group by
reaction with the amine and glutaraldehyde functional groups.
Therefore, the various groups are capable of generating internal
reactions such as hydrogen bonding, electrostatic adsorption,
and covalent bonding with host molecules. Also, an
organoalkoxy silane can be replaced with the cyano group
present in the mesoporous surface, and the modified groups
in the presence of sulfuric acid as catalysts were variated through
hydrolysis by acidic groups.

Post-synthesis Grafting

Grafting is a type of post-fabrication process used to modify the
surface of pre-fabricated porous silica material which bonds the
functional groups connected to their surface after removing the
surfactant (Zhang et al., 2004; Lesaint et al., 2005). The
abundant silanol groups present on the surface of the silica

MSN and its Drug Delivery Applications: A Review

porous material are applied as suitable junctions for
functionalization with organic functional groups (Figure 5)
(Barczak, 2019).

After removal of the surfactant, the organosilanes can be
attached to the silanol channels using trichloro organosilanes
or trialkoxy organosilanes (Barczak, 2019). A series of
organosilanes including amine (Aguado et al., 2009), thiol (Li
et al,, 2011), chloride (Han et al., 2003), cyano (Prouzet et al,
1999), ester (Prouzet et al., 1999), aldehyde (Yin et al., 2020),
epoxy (Yeganeh et al, 2019), anhydride (Park et al, 2019),
isocyanate (Ratirotjanakul et al., 2019), phosphor (Yamada
et al, 2019), imidazole (Nuri et al., 2019), ammonium
(Lagarde et al, 2019), acryl (Xiao Song et al, 2019), alkyl
(Nuntang et al, 2019), and phenyl (Gao et al, 2019) are
available for application in the grafting procedure. The
grafting is done by silicification so that the reaction is carried
out on free (Si-OH) and attached silanol (HO-Si-OH) groups
(Barczak, 2019). To diversify the surface or cavity walls of silica
nanoparticles, silanol groups bonded hydrogen have limited
access because they form hydrophilic networks between
themselves (Barczak, 2019). It is worth noting that the main
structure of the mesoporous does not change after applying the
grafting procedure (Zhang et al., 2004). Silica mesostructures
have two inner and exterior parts. Functional groups on the outer
part will be more accessible than the inner part but the presence of
these patches will diminish the use of pores space (Lesaint et al.,
2005). To minimize the barriers of the outer surface in reaction
and selective optimization, the outer surfaces may be coated to
reduce chemical reactions before the functionalization of the
inner surfaces occurs (Zhang et al., 2004; Lesaint et al., 2005).
It is also possible to modify the surface in a controlled manner
through site-selective grafting methods. Thus, in the first step, the
cavities are filled with surfactants, and the exterior modification is
accomplished by the proximity of the template to a solution such
as a trimethylsilyl chloride (Lesaint et al., 2005). Then, template
and finally the interior pore surfaces, for example, are
functionalized with the phenyl propyl dimethyl chlorosilane
sample (Zhang et al., 2004).

Co-Condensation
The co-condensation matter is, in fact, sol-gel chemistry
between tetraalkoxysilanes and one or more of the

organoalkoxy silanes with Si-C bonds (Gao et al.,, 2019). In
its mechanism of operation, silica precursor with a
organotrialkoxy silanes (R/(Si(OR)5) precursor in neutral,
acidic media that the organosilane precursor plays two
important roles in silica-based skeletal formation and
binding of an organic group to the skeleton (Hamoudi and
Kaliaguine, 2002). Due to the presence of organic groups in the
synthesized nanoparticles, template removal should be
performed under appropriate conditions in terms of
temperature and pH (Wu et al, 2013). Template removal is
generally preferred by chemical extraction, and depending on
the nature of the template and the manufacturing
process, chemical extraction of the surfactant molecules is
carried out by refluxing with ethanol or ethanol/HCIl under
highly acidic H,SO, conditions. Functional groups such as
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polypropylene glycol, trimethylbenzene and tetradecane can
also be used to achieve modified ordered mesoporous
(Diagboya and Dikio, 2018). One of the advantages of this
method, compared to the post-synthesis grafting, is the
applicability of a wide range of organoalkoxy silanes (Jeelani
et al.,, 2020) suitable for a wide range of reaction conditions
(Fukuda and Yoshitake, 2019), homogeneous coverage of
functional groups (Putz et al., 2019), and high loading of
functional groups without destructing the regular structure
of the pores (Nguyen et al.,, 2019).

SILICA MESOPOROUS FOR DRUG
DELIVERY

The use of nanosilica materials for controlled drug delivery and
release has been reported since the beginning of 1983 (He and Shi,
2011). To date, silica nanoparticles are widely used as drug carriers due
to their easy compatibility and formulation with drugs (Yamada et al,
2019). Advantages of using mesoporous silica to transport bioactive
molecules include protecting cargo from physiological destruction of
controlled release of drugs (Tang et al., 2012), longer durability in the
bloodstream (Privett et al, 2011), improving targeted drug delivery
(Wang et al,, 2010), and reducuction of side effects to healthy tissues
(Zhou et al,, 2017). In recently years, non-steroidal Analgesics (NSA)
have been considered. Non-steroidal painkillers, which are analgesic
(Aiello et al., 2002), fever-inducing (N et al, 2019), and
platelet-inhibiting (Brogan et al., 2019), are one of the most
widely used medical drugs whose biological target is the
cyclooxygenase (COX) enzyme (Voiriot et al., 2019). These
drugs actually suppress prostaglandins, which are chemical
messengers for pain, fever, and inflammation (Mahalanobish
et al., 2019). Their strategy of action is to inactivate the
performance of the COX, which has the potential to convert
fatty acid to prostaglandin, or in other words, overcome the
production of prostaglandin by COX (FitzGerald, 2003). In
addition to the advantages of these drugs, they have side
effects, including excessive body retention (Marsh et al,
1972) and low solubility (Rives et al., 2013), which disrupt
the treatment. As a result, in recent years, silica porous
nanoparticles have been proposed to address these
problems. Increasing the solubility of NSA drugs can be
justified by the size of the cavities (Mellaerts et al., 2008),
easy dispersion, indirect transfer of the drug into the aqueous
media (Li et al., 2007), utilization of surfactants (Chen et al.,
2010), and long durability in the body by biodegradable
coatings such as polyethylene glycol (PEG) (Morelli et al,
2011). Research has reported the release of a number of drugs
such as ibuprofen (Charnay et al., 2004), diclofenac (Barczak,
2018), melasamine (Mes) (Tiwari et al., 2019), naproxen
(Halamova et al., 2010), piroxicam (Ambrogi et al., 2007),
celecoxib (Zhao et al., 2012) and mefenamic acid (Mustafa and
Hodali, 2015) and etc.

Yoncheva et al. synthesized MCM-41/carbopol/indomethacine
nanocarrier. They reported that this meso-carrier showed little
cytotoxicity due to carbopol coating (Tzankov et al, 2013).
Naproxen (Nap) is a potent Cox enzyme inhibitor that reduces
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prostaglandin production and exhibits analgesic and anti-
inflammatory effects (Lejal et al, 2013). Therefore, Halamova
et al. two mesostructures used amine- non-amine functionalized
hexagonal MCM-41 to release Nap. Comparison of these two
carriers showed that after 72 h, the efficiency of release of MCM-
41/Nap was 95% and with MCM-41/amine/Nap 90%, respectively.
Their groups’ research also showed that the release of the Nap using
SBA-15 with a larger cavity size was less than MCM-41 with a
smaller cavity size (Halamova and Zelendk, 2012). The preparation
of SBA-15 decorated by glycidyl methacrylate (GMA) as nanocarrier
for release of ibuprofen and Mes was carried out by Rehman and
coworkers. Copper was modified with hydrophobic ligands to slow
and adjust the release of the two drugs and increase the ibuprofen
and Mes- SBA-15 interaction. The impact of pH in their research
revealed interesting results. The in vitro release rate from the
functionalized SBA-15 was slow in simulated gastric fluid where
pH = 1.2 was less than 10% of Mes and ibuprofen was released in
initial time 8 h, while comparatively high release rates were observed
in simulated intestinal (pH = 6.8) and simulated body fluids (pH =
7.2) (Rehman et al., 2016).

CONCLUSION AND CLINICAL
TRANSLATION

MSNss are one-of-a-kind nanoparticles that combine the chemical
and physical stability of silica with the potential of the
mesoporous structure’s network of cavities. MSNs’ unique
properties, such as pore-volume, their great loading capability,
their controllable particle size and shape, and their high drug
loading capacity, make them an excellent carrier for nano-drug
delivery systems. MSNs can be anchored with many polymers,
proteins, enzymes and due to their ease of functionalization,
make them a good candidate for drug delivery applications.

Standardization of manufacturing techniques is vital for
achieving reproducibility in MSN synthesis. It is also critical
that the generated nanoparticles have the proper stability,
dispersibility; and any surface functionalization method should
be standardized before reaching the clinic. More importantly,
additional MSN biodistribution studies on various animal models
should be conducted to be certain of the MSNs’ ultimate fate.
From a broad view, it is clear that significant progress has been
made in the design and development of MSNs for biological
applications. However, much more work needs to be done before
clinical translation can be accomplished.

Based on their efficacy in clinical studies, silica nanoparticles
are developing as a viable diagnostic and delivery platform, and
might play a crucial role in the development of next-generation
theranostics, nanovaccines, and formulations to orally transport
peptides and proteins. However, establishing safety from chronic
exposure, establishing long-term toxicological profiles from
various routes of administration, investigating reliable scale-up
methods, and synthesizing reproducible silica nanoparticles with
minimal batch-to-batch variation, are all major obstacles that
must be overcome before silica nanoparticles can be used in
clinical trials. Furthermore, only solid silica nanoparticles with no
or small pores have been clinically evaluated to date. These
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nanoparticles have a low cargo-loading capacity which is
particularly problematic for nucleic-acid-based medicines.
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With rapid progress in light-to-electric conversion efficiencies, perovskite solar cells (PSCs)
have exhibited great potential as next-generation low-cost, efficient photovoltaic
technology. In this perspective, we briefly review the development of PSCs from
discovery to laboratory research to commercializing progress. The past several
decades have witnessed great achievement in device efficiency and stability due to
tremendous research efforts on compositional, process, and interfacial engineering.
Regarding commercial applications, we expound the merits and disadvantages of
PSCs compared to the existing silicon photovoltaic technologies. Although PSCs
promise solution processability and low manufacturing cost, their limited stability and
element toxicity should to be addressed on the path to commercialization. Finally, we
provide future perspectives on commercialization of PSCs in the photovoltaic marketplace.
It is suggested that PSCs will be more promising in low-cost modules and tandem
configurations.

Keywords: perovskite, solar cells, composition engineering, process engineering, interfacial engineering, industrial
progress, commercialization

EMERGENCE OF PEROVSKITE SOLAR CELLS

Metal halide perovskites (MHPs) have attracted intensive attention as promising photovoltaic
materials during the last few decades. The term of “Perovskite” is employed to describe a class of
materials with the same crystal structure as the mineral calcium titanate (CaTiOs), which was firstly
discovered in the Ural Mountains of Russia in 1839 and named after Lev Perovski, a renowned
Russian mineralogist (Chakhmouradian and Woodward, 2014). Now, MHPs have developed into a
broad range of materials with the general formula ABX;, where A and B are monovalent and divalent
cations, respectively and X stands for anions. Besides, MHPs have been widely used as active
materials in various optical and electronic applications, such as photovoltaic devices (PV) (Kojima
etal., 2009; Kim et al., 2012; Lee et al., 2012; Jeong et al., 2021), light-emitting diode (Cho et al., 2015;
Caoetal, 2018; Lin et al.,, 2018), photodetector (Li et al., 2020a; Li et al., 2020b), laser (Sutherland and
Sargent, 2016; Wei et al., 2019), sensor (Zaza et al., 2019; George et al., 2020), biomedicine (Fang
et al., 2021; Zhang et al.,, 2021; Fang et al., 2022) etc.

The first demonstration of the photovoltaic effect on perovskite materials dates back to 2009 by Miyaska
and his co-works, but the power conversion efficiency (PCE) was only 3.8% (Kojima et al., 2009). Although
the performance of perovskite solar cells (PSCs) was low at that time, the strong optical absorption of
perovskite materials attracted widespread attention in academic circles. However, these cells suffered from
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rapid degradation of perovskite materials in the liquid electrolyte. In
2012, important breakthroughs in PSCs were realized by (Kim et al,
2012; Lee et al,, 2012). In these works, all-solid device configurations
were reported with Spiro-MeOTAD [2,2',7,7'-tetrakis (N,N-di-p-
methoxyphenylamine)-9,9'-spirobifluorene] as the hole transport
layer to solve the instability problem in liquid electrolytes. The
PCEs of about 10% have been reported with improved operation
stability. Now, the most recent world record for single-junction PSCs
has reached 25.6%, claimed by researchers at South Korea’s Ulsan
National Institute of Science and Technology (UNIST) (Jeong et al,
2021). As demonstrated in Figure 1, the laboratory efficiency of PSCs is
comparable to that of the first-generation monocrystalline silicon solar
cell that takes about 40 years for this level.

In addition, perovskites have been demonstrated as promising
candidates in multi-junction cells due their easily tunable
bandgap through constituents (Al-Ashouri et al., 2020; Chen

55
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FIGURE 1 | Progress of cell efficiency in single crystal and multicrystalline
Si cells, perovskite solar cells, perovskite/Si tandem according to Best
Research-Cell Efficiency chart from National Renewable Energy Laboratory
(NREL, 2020).

etal., 2021; Chen et al., 2022; Lin et al., 2022; Qin et al., 2022). The
state-of-the-art perovskite-on-silicon tandem solar cell has
achieved a PCE of 29.52% in Oxford PV on approximately
30 x 30cm? device area (Al-Ashouri et al., 2020). More
recently, the all-perovskite tandem solar cell with a certified
efficiency of 26.4% has also been reported by (Lin et al., 2022).

Perovskite materials are excellent light absorbers with
outstanding optoelectronic properties such as high light
absorption coefficient, long carrier diffusion length (exceeding
1 mm), low non-radiative recombination loss and high defect
tolerance (Stranks et al, 2013; Xing et al, 2013; Eperon et al,
2014; Green et al,, 2014). The theoretical limit of single-junction
PSCs is about 33%, and that of tandem solar cells can reach over
40%. Along with ease of accessibility through low-cost solution
processes, there is no doubt that PSCs have become one of the most
promising photovoltaic technologies. Since reported in 2009, it was
rated as one of the ten scientific breakthroughs by Science. Next year,
it was elected as one of the most anticipated scientific and
technological breakthroughs by Nature. In the World Economic
Forum of 2016, PSCs were honored as one of the top 10 emerging
technologies that would break the limitations of silicon-based
photovoltaics. In a world, perovskite materials have become a hot
topic in both academic and industrial fields.

RESEARCH PROGRESS

Since reported in 2009, intensive research efforts have been made
to improve the efficiency of PSCs, including compositional,
process and interfacial engineering. Perovskite photovoltaic
materials are ionic compounds in the general formula of
ABX;, as shown in Figure 2A. The crystallographic structure
can be deduced by the Goldschmidt tolerance factor
(t= (Ra+Rx)/V2(Rg+Rx)) and the octahedral factor
(r=Rp/Rx) (Li et al, 2008). For applications in solar cells,
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FIGURE 2 | (A) Cubic perovskite structure with ABXs. Adapted from Green et al. (2014) with permission from Nature springer. (B) UV-vis absorption spectra of
PSCs with mixing halide ions and corresponding colorful fims. Adapted form Noh et al. (2013) with permission from American Chemical Society.
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FIGURE 3| (A) Dual-source thermal evaporation. Adapted from Liu et al. (2013) with permission from Nature springer. (B) One-step and two-step solution process
for perovskite film growth. Adapted from Im et al. (2014) with permission from Nature springer. (C) Perovskite film formation through vapor-assisted deposition.
Reproduced from Chen et al. (2014) with permission from American Chemical Society.

Perovskite

MHPs commonly are obtained with t and y in the range of
0.81-1.1 and 0.44-0.9, respectively. Despite these constraints, a
broad range of ions enables good results. For example, cation A
has methylammonium MA", formamidinium FA" and cesium
(Cs+) and other long-chain organic cations, metallic cation B has
universally been Pb>* or Sn®* and anion X is halide ions (Cl", Br~,
I7) or Pseudo-halide ions.

The optoelectronic properties of MHPs are strongly correlated
with ion species. Firstly, the bandgap can be continuously tuned
in the range of almost the whole visible spectrum by X-site halide
mixing (Noh et al., 2013; Eperon et al, 2014). As shown in
Figure 2B, the absorption edge moves from 786 to 544 nm with
the substitution of I with Br ions, corresponding to the bandgap
increasing from 1.58 to 2.28 eV. The bandgap engineering by
halide ions provides an effective strategy to design wide-bandgap
perovskites into tandem solar cells. Another significant ion

substitution is replacing the MA" by FA™. Due to the larger
ion size of FA", the replacement expands the perovskite crystal
and shortens the Pb-I bond distance, resulting in the reduced
bandgap of 1.47 eV. The use of FA™ as the A-site cation in MHPs
further increases photocurrents. Unfortunately, phase stability of
FAPDI; still depends on the following chemical management
according to Goldschmidt rule. At the ambient conditions, the
photoactive a-FAPDI; is unstable and easily transforms into the
yellow & phase, which seriously deteriorates the device
performance. To solve this problem, new strategies are needed
for stabilizing the a-phase in FA-based PSCs. Seok and co-
workers firstly stabilized a-phase FAPbI; by incorporation of
MAPDBTr; and achieved a PCE of more than 18% PCE (Jeon et al.,
2015). Later on, A site cation was further optimized as a “cation
cascade” by mixing FA", MA" and Rb" to eliminate the residual
d-phase by Saliba and his co-workers (Saliba et al., 2016). By this
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method, FA-based PSCs can deliver a stabilized PCE of over 21%
and a long shelf lifetime of over 1,000 h. However, the use of MA™,
Rb" and Br™ into FAPDI; perovskites can inevitably widen the
bandgap, limiting the device performance. Instead, an anion
engineering was introduced to stabilize pure phase FAPbI;
with the pseudo-halide anion (HCOO™) passivating the I-
vacancy defects. The resulting solar cells have world-record
efficiency of 25.6% and long-term stability over 450 h (Jeong
et al., 2021).

The prerequisite for high-efficiency device is to fabricate high-
quality perovskite films with a flat and compact morphology. To
date, numerous processing techniques have been developed to
prepare high-quality perovskite films, including vacuum
deposition, one-step solution deposition (antisolvent dripping,
solvent-assisted annealing, and precursor engineering), two-step
sequential deposition and vapor-assisted deposition. Among
these methods, solution processes are promising with low
temperature and cost, compatible with flexible electronics.
Furthermore, scaling-up methods (slot-die coating, roll-to-roll,
and inkjet printing) have also been developed for the industrial
manufacturing of PSCs in the future.

Vacuum Deposition

The vacuum deposition method was firstly reported by Mitzi and co-
workers, in which organic-inorganic compounds were rapidly
heated to sublimate, then deposited on the substrate (Mitzi et al.,
1999). This technique allows facile control over the film composition
and thickness with high reproducibility. With the rapid development
of PSCs, Snaith et al. employed dual-source co-evaporation to
deposit a uniform MAPbI; ,Cl, perovskite layer and a PCE of
15% was reported (Figure 3A) (Liu et al,, 2013). The perovskite
films fabricated by vacuum deposition were proven to be high-
quality with excellent film uniformity. Although the vacuum
deposition requires expensive equipment, it still holds the
advantages of fabricating large-area films without using toxic
solvents. This makes it very promising in the production of the
perovskite module. Recently, vacuum deposition has witnessed
further progress in the perovskites materials including mixed
halide (Longo et al,, 2018), narrow-bandgap (Igual-Mufioz et al,
2020), and formamidine based perovskite solar cells (Chiang et al.,
2020; Feng et al,, 2021). The champion efficiency of 21.32% and
18.13% has been reported on the small-size cell (Feng et al., 2021)
and mini-modules (effective device area 21 cm?) (Li J. et al.,, 2020),
respectively.

One-Step Solution Deposition

One-step solution deposition is a commonly used method for
fabricating perovskite films in labs. In this method, the precursor
solutions are prepared by mixing precursors in solvents such as N,
N-dimethylformamide (DMF), then spin-coated on the substrates,
followed by thermal annealing to initialize the crystallization (Im
et al, 2014). To obtain flat and compact films without pin-holes,
antisolvents are usually used to induce homogenous nucleation, for
example, toluene (Jeon et al., 2014), chlorobenzene (Bi et al., 2016),
or diethyl ether (Li et al., 2017; Gao et al,, 2018). One-step deposition
is simple to conduct in labs and antisolvents can serve as the carriers
for Lewis acid and base additives, which has been demonstrated as

Perovskite Solar Cells

an effective strategy for defect passivation. For example, Wu et al.
achieved highly efficient inverted PSCs with a perovskite-fullerene
graded heterojunction formed by dripping the antisolvent
containing fullerenes (Wu et al., 2016). Subsequently, conjugated
polymers dissolved in antisolvents were introduced in perovskite
films to reduce trap states and non-radiative recombination loss
(Rajagopal et al., 2017; Qin et al., 2018; Yang et al., 2018; Chen et al.,
2019a; Wu et al., 2019).

Two-Step Solution Deposition

Besides one-step solution deposition, two-step sequential deposition
is another commonly used method to obtain perovskite films with
improved reproducibility (Burschka et al., 2013; Im et al,, 2014). As
firstly reported by Burschka et al, Pbl, was spin-coated on the
substrates followed by sequential deposition of MAI, then the
formation of the perovskite was accomplished by thermal
annealing, as depicted in Figure 3B. Compared with one-step
solution deposition, two-step deposition has better control over
the film morphology by relieving effects from the surrounding
environment. However, the conversion of Pbl, to the perovskite
remains a major challenge to achieve highly efficient and stable
devices (Zhang et al., 2015; Chen, 2017; Chiang et al., 2017; Xu et al.,
2019). The residual Pbl, at the interfaces was suggested to impede
the carrier transportation and induce severe degradation PSCs (Jiang
et al., 2016).

Vapor-Assisted Deposition
This method was firstly proposed by Chen et al. in which in-situ
reaction between the as-deposited Pbl, (solid) and MAI vapor
was adopted to obtain perovskite films with full coverage and
smooth surface, as schematically illustrated in Figure 3C (Chen
et al., 2014). The vapor-assisted process is a facile low-
temperature method with the slowdown in nucleation and film
growth, which delivers increasing grain size and high
reproducibility. In addition, vapor-assisted deposition provides
the possibility of growing high-quality perovskites on curvature
or textured substrates. Zou et al. demonstrated a high-quality
perovskite film grown on a fibrous substrate by the improved
vapor-assisted deposition and the fiber-shaped perovskite solar
cell with a PCE of 10.79% was obtained (Dong et al., 2019).
For commercializing PSCs, the large-scale process method
has attracted more attention in recent years. With the
development of large-area coating methods, including
blade, slot-die and spray coating, the roll-roll (R2R)
printed process has been suggested to realize the upscaling
of PSCs with low cost and high-throughput (Yang et al., 2021).
At first, a sequential slot-die method was developed to
fabricate large-area PSCs with a PCE up to 11.96% (Hwang
etal., 2015). The process was demonstrated to be incorporated
into R2R printing. During the past few years, some researchers
tried to produce PSCs by the R2R printed process, but only
partial processes were reported at laboratory scale (Dou et al.,
2018; Galagan et al., 2018; Kim J. E. et al.,, 2019; Kim Y. Y.
et al,, 2019). More recently, Kim et al. demonstrated the fully
R2R manufacturing of PSCs with PCEs 0f 23.5% and 19.1% on
planar and flexible substrates, respectively. This work
suggested the gravure R2R printed process as a promising
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FIGURE 4 | (A) The nucleation and growth of the grains on wetting and non-wetting surface. Adapted from Bi et al. (2015) with permission from Nature springer. (B)
Device structure and energy levels of each functional layers in PSCs with PEIE interfacial modification. Reproduced from Zhou et al. (2014) with copyright from Science.
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method to upscaling PSCs in the near future (Kim et al., 2020;
Yang et al., 2021).

Besides compositional and process engineering, interfacial
engineering has also contributed to the rapid progress in the
efficiency and stability of PSCs. Interfacial engineering mainly
focuses on charge transport layers (CTLs) together with
interfacial modifications. CTLs play important roles in PSCs,
which can not only promote the photogenerated carrier
extraction but also suppress the non-radiative recombination.
An effective CTL should meet the following requirements: first,
matched energy level for the charge extraction from perovskite
layer; second, high transparency to avoid energy loss of solar light;
and finally, high hole/electron mobility, and the blocking ability
of the counter carrier (Ouyang et al., 2019).

Mesoporous TiO, and small molecule Spiro-MeOTAD were
used as effective electron transport layer (ETL) and hole
transport layer (HTL) in the pioneering works (Kim et al.,, 2012;
Lee et al,, 2012). Significantly, the use of Spiro-MeOTAD solved the
corrosive problem of liquid electrolytes, making all-solid cells.
However, Spiro-MeOTAD remains far inferior to commercial
photovoltaic cells. Under continuous illumination, doped lithium
salt tends to cause aggregation of Spiro-MeOTAD, leading to a rapid
decrease in the device efficiency (Abate et al., 2013). On the other
side, mesoporous TiO2 induces fast decay due to exposed oxygen
vacancies under ultraviolet light (Leijtens et al., 2013). Therefore,
more stable CTLs with effective charge extraction are still required to
address the stability issue. Up till now, a great number of CTLs have
been studied to deliver more efficient and stable PSCs, including
small molecules, polymers and inorganic materials. In terms of long-
term operational stability, inorganic materials would be more

suitable for the commercialization of PSCs due to chemical
inertness and low cost. You et al. demonstrated air-stable PSCs
with p-type NiOy and n-type ZnO as HTL and ETL, respectively.
The all-metal-oxide devices retain about 90% of the initial efficiency
after 60 days of storage at room temperature (You et al, 2016).
Fullerene-derived carbon materials such as PCBM and C60 have
been developed as promising ETLs in inverted planar structures
(Jeng et al., 2013). Besides, a broad range of metal oxides [ZnO (Liu
and Kelly, 2014; Cheng et al., 2015), SnO, (Jiang et al., 2016; Jiang
et al,, 2018), Zn,SnOy, (Shin et al,, 2015) as ETLs and NiO, (Jiang
et al, 2015; Kim et al,, 2015; Zhang et al., 2016), NiCo,04 (Ouyang
et al., 2018), CuGaO, (Chen et al., 2018) as HTLs] are used in PSCs
and deliver improved efficiency and stability.

An important aspect of interfacial engineering is the impact of
CTLs on perovskite formation. According to the Gibbs free energy
[AG_het = AG_hom x f(0)], nucleation is determined by the
interfacial free energy AG and wetting angle 6. Adjusting surface
energy can control the nucleation and growth process of perovskite
materials. Generally, hydrophilic CTLs lead to homogenous
nucleation, resulting in perovskite films with high coverage and
uniformity. On the contrary, hydrophobic surfaces reduce the
nucleation, favoring the growth of large grain size. Huang et al.
reported the growth of perovskite grains on non-wetting surfaces (Bi
et al, 2015). The large-size perovskite grain featured a high grain
size/thickness aspect ratio reaching 2.3-7.9, surpassing the limitation
of the film thickness (Figure 4A).

The interfaces between CTLs and perovskite layers are crucial
for PSCs, but imperfect with various trap states, which gives rise
to intensive research on interfacial modifications. As early as
2014, Zhou et al. demonstrated that the electron extraction
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process was improved by modifying the interface with
polyethyleneimine ethoxylated (Zhou et al., 2014), as shown in
Figure 4B. These modifications led to a maximum cell efficiency
of over 19%. Furthermore, deep trap states at the interfaces need
to be suppressed to reduce interfacial non-radiative
recombination loss. Chen et al. proposed that interfacial
chlorine avoided the formation of deep delocalized states at
the TiO,/perovskite interface (Tan et al., 2017). The interfacial
recombination was mitigated by the contact passivation strategy.
A similar effect was also observed on alkali chloride treated NiO,/
perovskite interfaces that delivered improved ordering and
reduced defect density (Chen et al., 2019b).

INDUSTRIAL PROGRESS OF PSCS

In 2022, the perovskite-on-silicon tandem solar cell hits the world-
record efficiency of 29.5% in Oxford Photovoltaics (Oxford PV),
which has been certified by National Renewable Energy Laboratory
(NREL) (Al-Ashouri et al., 2020). This not only refreshes the record
of 28.0% previously reported by this company but also breaks the
performance record of 29.2% in the Helmholtz Zentrum Berlin
(HZB). Instead of replacing silicon solar cells, the perovskite-on-
silicon tandem configuration provides a more accessible strategy to
develop PSCs in the existing photovoltaic market, which has been
considered as very promising in the industrial process of PSCs.
Oxford PV that was established in 2010 from the University of
Oxford, is one of the first photovoltaic companies focusing on the
commercialization of perovskite based photovoltaic technology. The
mainstream perovskite-on-silicon tandem solar cell technology
allows breaking the previous performance limit of cell modules.
The perovskite-based tandem technology has shown great potential
to be compatible with the current photovoltaic industry with
predicted over 30% combined cell efficiency and the ease of
integration.

At the same time, photovoltaic companies in China have been
devoted to the scale-up production of PSCs. Hangzhou Microquanta
Co. Ltd’’s firstly established the production line of 20 MW with
200-800 cm perovskite solar cell modules and achieved 11.98%
PCE, breaking the previous world record held by Toshiba. In 2019,
Suzhou GCL Nano Technology Co., Ltd. (GCL Nano), a subsidiary
of GCL group, built a 10 MW production line for large-area
perovskite modules, and completed the material synthesis and
manufacturing process. Later, GCL announced to develop the
product line of 100 MW production line and planned to realize
the commercial production of perovskite modules. GCL Nano
announced to achieve the PCE of 15.21% on an effective area of
1,241.16 cm®. Besides, the Jayu Group and its subsidiary Jayu Solar
Energy Technology Co., Ltd. also pay considerable attention to the
commercialization of the third-generation perovskite photovoltaic
technology, and plan a new layout in their future production bases.

With the target of carbon neutrality in 2060, it is scheduled
that non-fossil energy should account for 25% in 2030, and
renewable energy capacity should increase to 1.2 billion KW
or more. Next decade, the photovoltaic industry should reach
70-90 million KW per year compared with 50 million per year in
the past 5 years.

Perovskite Solar Cells

MERITS AND FUTURE CHALLENGES

Perovskite materials have advantages as photovoltaics such as
light absorption coefficient up 10* cm™, long carrier diffusion
length and solution processability. For example, MAPDI;
perovskites have covered a wide solar light range up to
800 nm with high light absorption coefficient. The use of FA*
cation extends the absorption edge to 840 nm, leading to
remarkable photocurrent comparable to silicon solar cells
(Jena et al, 2019; Min et al, 2019). The manufacturing of
PSCs can be conducted through simple solution processes with
low-cost earth-abundant elements such as C, H, Pb, L It is
estimated that the manufacturing cost of PSCs is only half of
that of silicon solar cells (Meng et al., 2018). Compared with other
commercial photovoltaic semiconductors, perovskites also
exhibit higher defect tolerance (Ball and Petrozza, 2016),
which delivers good reproducibility and reduces production
requirements even in a module of 30 W. This merit is
extremely desirable in the solution processes of films. In the
large-scale integration, perovskite modules can adopt traditional
rectangular photovoltaic modules that can be flexible, allowing to
be intensively used on building roofs. Due to these advantages,
the time horizon of PSCs is expected to be shorter than that of
crystalline silicon photovoltaics.

However, there are still limitations that impede the
commercialization of PSCs, for example, lead toxicity and
long-term stability. Light-induced degradation of perovskites
under operating conditions including moisture, oxygen, heat
and current stress has become the major concern for outdoor
applications of PSCs (Leijtens et al., 2015), even though crystal Si
cells face similar problems when exposed to moisture and oxygen.
However, the environmental impact can be resolved at the utmost
by standard encapsulation technique. The future of PSCs should
be bright in consideration of the history of copper indium gallium
selenide (CIGS), which is first found to be unstable in the
presence of water but has been widely used with long-term
stability. Another instability issue is the use of organic
interfacial layers such as PEDOT:PSS, Spiro-OMeTAD and so
on. To solve these problems, many laboratories have been
devoted to developing alternative inorganic interlayers with
efficient carrier extraction. It is fortunate to see that, like the
rapid development of cell efficiency, the long-term stability of
PSCs has also increased a lot in the past several years. This can be
attributed to the reduction in the intrinsic degradation of
perovskites and the use of various CTLs with good stability.
Nowadays, life-cycle assessment (LCA) of PSCs has reached more
than 1,000h (Industrial Standard for New Photovoltaic
Technology), even as long as 10,000 h (Shi et al., 2020).

Another concern with perovskite-based  photovoltaic
technology is the toxicity of lead. Although it has been
proposed that one of the main reasons for excellent
optoelectronic properties in perovskite materials is the orbital
overlap of Pb and I ions, the actual content of lead in PSCs is
still lower than that in commercial modules. It is estimated that a
perovskite cell module only contains 2 g of lead, while the value of a
crystalline silicon cell module is 16 g. Furthermore, encapsulation
and recycling techniques have been developed to prevent lead

Frontiers in Chemistry | www.frontiersin.org

97

April 2022 | Volume 10 | Article 802890


https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Zhang et al.

pollution. Obviously, the use of lead inevitably causes the risk of
environmental pollution and increases the additional cost in the
recycling process. Scientists have always been looking for ideal
elements to replace lead in perovskite materials. Tin (Sn) is one of
the potential elements to avoid the use of lead, but it is companied
by the instability issue because of the oxidation of Sn** to Sn**.

FUTURE PROSPECTS OF THE
COMMERCIALIZATION

In the past several years, the manufacturing costs of silicon
solar cells have dropped significantly that makes it possible to
use photovoltaics as the large-scale clean energy supply to
replace the fossil fuels. Many studies suggest that the solar
energy can completely compete with conventional plants when
the cost is below than 32 cents/W in well-equipped regions
with sufficient solar light. However, the silicon based
photovoltaic technology has approached its cost-effective
limit due to thermalization loss, low absorption coefficient,
and high material requirements. PSCs provides opportunities
to go well beyond silicon based photovoltaic technology.
Compare with silicon based photovoltaic technology that
requires highly pure raw materials (99.999%), PSCs can be
manufactured with relatively low purity (> 99%). More
importantly, perovskite films are fabricated by low temperature
solution routes that result into less power assumption and
environmental pollution. Although the second-generation
gallium arsenide thin-film solar cell has higher PCEs of about
30%, the cost is extremely high. It is expected that the
manufacturing cost of perovskite modules would be 50% lower
than that of monocrystalline silicon. However, it is difficult to
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All forms of life have absolute request for metal elements, because metal elements are
instrumental in various fundamental processes. Fluorescent probes have been widely used
due to their ease of operation, good selectivity, high spatial and temporal resolution, and
high sensitivity. In this paper, the research progress of various metal ion
(Fe®* Fe?*,Cu®*,Zn* Hg?*,Pb®*,Cd®") fluorescent probes in recent years has been
reviewed, and the fluorescence probes prepared with different structures and materials
in different environments are introduced. It is of great significance to improve the sensing
performance on metal ions. This research has a wide prospect in the application fields of
fluorescence sensing, quantitative analysis, biomedicine and so on. This paper discusses
about the development and applications of metal fluorescent probes in future.

Keywords: fluorescent probes, metal ions, cell imaging, sensors, quantum dots

1 INTRODUCTION

Metal cations and anions play an important role in the versatile physiological and pathological
processes, including metabolism, osmotic regulation, catalysis and so on. It is well known that
normal biological events can be adversely affected by maladjustment on the levels of certain ions in
organisms (Park et al., 2020). It is because of these ions has certain pathophysiological significance, so
we explore how these ions detection in biological systems of sensitive and selective is important.

In order to detect and quantify ions, researchers are committed to developing appropriate
chemical sensors. Fluorescence in combination with appropriate probes is a good way to measure
metal ions, because fluorescence has certain advantages, such as being faster, less destructive and
more sensitive, which can present information about the location and quantity of the target (Li et al.,
2017). Fluorescence probe method means that the photophysical properties of probe molecules
change obviously before and after the specific binding between probe and analyte, so as to detect the
change of fluorescence signal, realizing the detection of different molecular or ion content in the
organism or the environment (Xu et al., 2016). In general, for the fluorometric determination of
cations or anions, the sensor must consist of two components: a fluorescent carrier and an ionic
carrier, which may be independent species or covalently linked on a molecule.

Fluorescent probes can be combined with bioluminescence imaging technology to achieve in vivo
detection at the cellular level or animal level, which is considered to be the most potential tool for
studying different components in the organisms. Fluorescent probe for metal ions, therefore, carries
on the synthesis and design gradually become the research hot spot. It is of great significance in
chemistry, biology, clinical medicine and agriculture to search for novel organic molecular
recognition carriers with high selectivity and to design a novel fluorescent probe for metal ion
detection (Xu and Xu, 2016). To have an extensive overview of present studies, we summarized
popular fluorescent probes from literatures, classified them according to the types of ions being
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FIGURE 1 | Various types of fluorescent probes for metal ion detection.

TABLE 1 | List of methods of fluorescent probe detection of metal ions.

Target Probe LOD/uM Real Sample Ref.

Fe®* N, P-CDs 1.8 x 107 Human Serum, Living Cells 8
N-CDs 1.14 Vero cells 9
Phe-CDs 0.72 water samples 1
KN-CDs 0.85 - 12
N-GQDs 9x1072 aqueous media 13
TPC 0.2 x 10° water samples 24
LaOBr/DAT 0.3 living cells 25

Fe?* CDs — living cells 27
MOFs — aqueous environments 28
ACQ — living cells 30
FeP1 1.8 x 1072 living cells, physiological saline 33
P FeaD 0.46 Live cells, cosmetics 34

cu?* turn-on red-emitting 4 x 107 living plant tissues, living zebrafish 40
DCM-Cu 2.54 x 1072 living MCF-7 cells 4
CdTe/ QDs 20 real samples 42
CQDs 5 living cells 43
BTPPA 0.506 real samples (tea, fish, crab meat) 49

n?t UCNPs - real biological samples 61
NR-Zn 0.131 Hela cells 69

Hg®* N,S-CDs 0.083 living cells 83

Pb%* MNPs 5.7 x 10° tea and waste water 90

Cd?* 6-(dimethylamino) 0.515 in living cells 112

detected, and presented their structures and strategies. In  backbones, central hydrophilic external hydrophobic
addition, we focus on numerous strategies to improve the  strategies, etc., which will provide additional insights for
selectivity of fluorescent probes, including metal-organic ~ biomedicine.
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In this review, the latest research progress of fluorescent
probes for iron, copper, zinc, mercury, lead, chromium and
other metal ions are summarized (Figure 1), and the
development trend and application prospect of this field are
also discussed. Basic information on the fluorescent probes for
the detection of various ions is listed in Table 1.

2 PROBES FOR IRON
2.1 Probes For Detecting Fe3*

Fe’* is considered among the most important metal ions in
biological systems and exerts an unparalleled role in many
biological processes one of the most vital metal ions in
biological systems, such as RNA and DNA synthesis,
metabolism and so on. To develop new fluorescent probes
having low levels of cellular toxicity, good biocompatibility
and high solubility in water is becoming more and more
important and urgent.

Lytton and co-workers (Lytton et al., 1992) put forward the
earliest reported about an iron fluorescent sensor, which is on the
basis of the iron carrier desferrioxamine B (DFO) model, connect
to the fluorescent carrier 7-nitrobenz-2-oxa-1, 3-diazole (NBD).
By detecting and monitoring Fe** performance in solution, the
NBD-DFO model proves its advantage in monitoring iron under
various conditions of iron imbalance diseases. For the past few
years, various fluorescent probes developed for selective detection
of Fe’* can be divided into four categories according to the
fluorescence signal processing: Turn-Off, Turn-on, ratiometric
and chemodosimeters.

2.1.1 Nanometer Fluorescence Probes

For the exploration of the iron ion, nano fluorescent probe plays
an important role. Among them, one of the most well-studied
materials is semiconductor nanoparticles, also known as
quantum dots. In recent years, carbon dots (CDs) are widely
used in fluorescent biological imaging and sensing (Zhu et al,,
2013). However, the low quantum yield (QY) of CDs severely
restricts its development and application. Chemically doped
heteroatoms can effectively adjust electron density to improve
the QY value of CDs. Therefore, the photochemical and
physicochemical properties of carbon dots (CDs) can be
efficiently regulated by chemical doping heteroatoms (Guo
et al,, 2015).

Shi et al. (Shi et al, 2016) synthesized N, P-CDs multi
heteroatom (nitrogen and phosphorus co-doped carbon
nanodots) fluorescence sensor, which has low cytotoxicity and
high photostability, and measured its sensitivity to Fe’*. Liu et al.
(Liu Z. et al,, 2020) synthesized the non-toxic nitrogen-doped
fluorescent carbon dots (N-CDs) that can detect ferric ions, at the
same time can be used for fluorescent probe of Vero cell biological
imaging (Figure 2A). Duet al. (Du et al., 2021) demonstrated that
off-on switch fluorescent probe based on yellow emission carbon
dots (y-CDs) provides a highly sensitive and selective method for
the detection of ferric ions. Pu et al. (Pu et al., 2020) proposed a
static quenching mechanism about the phenylalanine carbon dots
(Phe-CDs), which kept its outstanding fluorescence intensity
despite its extreme pH values. Atchudan et al. (Atchudan
et al.,, 2021) reported that they synthesized fluorescent carbon
dots (KN-CDs) by hydrothermal carbonization method as a good
fluorescence sensor of Fe>* based on the closing sensor of Fe (III)
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ions. Ju et al. (Ju and Chen, 2014) synthesized environmentally
friendly nitrogen-doped graphene quantum dots (N-GQDs) for
the unlabeled Fe®* ions detection in various actual water
(Figure 2B). Qi et al. (Qi et al, 2019) designed and
demonstrated the promise of nitrogen-doped carbon quantum
dots (N-CQDs) as probes for iron ions. Zhang et al. (Zhang Y.
et al., 2021) obtained B;N,CQDs (core-shell carbon quantum
dots), which has been proved that its detection of Fe’* can be
applied to both endocellular scenarios in biological system and
river water samples due to its high stability and fluorescence
quantum yield. Xu ef al. (Xu Q. et al., 2015) synthesized Sulfur-
doped carbon dots (S-doped C-dots), which can also be used to
detect iron ions efficiently (Figure 2C).

Quetal. (Quetal, 2013) took advantage of dopamine for light
source synthetic photoluminescence carbon nanoparticles
(CNPs), which can be used as a very powerful fluorescence
sensitive stage and has been successfully applied to iron ion
detection in some water samples. Based on hydroxy functional
metal organic skeleton (MOF) UiO-66-(OH),, Wang et al. (Wang
H. et al., 2021) also proposed a “on—off—on” fluorescent switch
nano prober (Figure 2D). Dong et al. (Dong et al, 2021)
synthesized the NIR PL of GSH-capped gold nanoclusters
(GSH-AuNC:s), which exhibits excellent sensing performance.

2.1.2 Organic Small Molecules

Xu and co-workers (Xu H. et al., 2015) obtained a owns two one-
dimensional channel unparalleled of three-dimensional TB - BTB
(benzene-1, 3, 5-tribenzoate) framework for high sensitivity
detection of Fe’*. Using an EuL3 (L = 4’-(4-carboxyphenyl)-2,
2:6’, 2 "-tripyridine) fluorescence sensor, Zheng and co-workers
(Zheng et al., 2013) designed a portable daily life iron ion test
paper. Azmi et al. (Al-Azmi and John, 2021) produced a
tricyanofuran hydrazone (TCFH) optical probe for better
recognition of Fe (III) ions in the hydro environment. Zhang
(Zhang et al., 2018) reported a new fluorescence and specific color
probe containing both deoxycholic acid and rhodamine
molecules and used the spectrum to achieve the measurement
of iron ions.

In order to achieve better sensing performance and water-
solubility of organic molecular probes, Liu et al. (Liu J. et al., 2020)
proposed a method with great potential and development space.
They linked the inner hydrophobic molecule tribromophenol
with the outer hydrophobic molecule coumarin on the basis of the
original iron fluorescence probe (Figure 3A). Besides, in view of
the water-soluble dilemma of organic small molecules, Sun et al.
(Sun et al., 2020) also adopted a similar structural strategy, and
developed a unique vanilloid fluorescent probe for the assay of
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iron ions by increasing the nucleophilic substitution reaction of
LaOBr (Figure 3B). Designing composite materials is of great
significance to the change of the water solubility of organic small
molecules, and it can also improve the probe’s sensitivity to ions.

High levels of trivalent iron ions can cause many diseases,
including cancer, organ disorders of the heart, liver and pancreas,
hepatitis, Parkinson’s disease, Alzheimer’s disease, etc. Therefore,
the development of fluorescent probes for iron ions has greatly
facilitated biomedical imaging in human cells and has
contributed to disease diagnosis.

In last several years, lots of researchers have designed different
methods of novel iron (III) fluorescence sensors, and successfully
synthesized sensors for monitoring the concentration of
environmental iron and studying iron migration in various
microbial species. Most sensors are derived from the principle
of fluorescence quenching, so future probes should be
preferentially designed for absorption at longer wavelength to
avoid the internal filtering effect of iron (III) absorption in the
UV-vis region.

2.2 Probes For Detecting Fe**
Although the iron in the cells has two forms of Fe*" and Fe’*, it
mainly exists with the form of Fe** because of the reductive
microenvironment of cells (Ma et al., 2021). On the one hand, it is
difficult to establish a highly specific probe for the detection of
Fe’*, because the different oxidation states of Fe** and Fe’" vary
with each other. On the other hand, due to the strong force
between paramagnetic Fe** and fluorophore, fluorescence
quenching is wusually induced, resulting in part of the
constructed probes being “on-off” type, which is not easy to
observe due to the influence of spontaneous fluorescence of
organisms (Wei et al., 2020). Currently, the Fe** fluorescent
probes mainly include N-oxides, nitroxyl radicals,
endoperoxides, bionic ligands, heavy metals, imines and so on.
In order to achieve high-efficiency sensing of Fe**, Yan et al.
(Yan, 2017) proposed a dual-correspondence luminescence probe
with optimized metal-Organic Framework (MOF) as the main
body. The special feature of this probe is the use of various
luminescent substances, such as lanthanide ions, carbon quantum

dots, etc. Xu et al. (Xu and Yan, 2015) also synthesized a layer
similar to MOF [MIL-124, or Ga, (OH), (CoO¢H,)], and further
designed and developed a probe to detect Fe** ions. For Fe*
detection, Yang et al (Yang et al, 2021) reported on the
aggregation-induced emission (AIE) based probe named QM-
Fe, and verified the feasibility of Fe** detection in viable cells.
Zhang et al. (Zhang D. et al., 2021) gained a new spiropyran-
based fluorescent probe to detect Fe** ion. The results show that
the addition of Fe®* with the probe solution improved the
magnetic intensity of fluorescence by 6-fold. Wei et al. (Wei
et al., 2020) developed a “on-oft” fluorescent probe based on a
carbon point (CDs), which has been efficiently used to detect Fe?*
in BSA solution, tap water and living cells (Figure 4A). In order to
realize real-time detection of unstable ferric divalent ions in living
systems, Long et al. (Long et al., 2018) designed a fluorescent
probe of coumarin by using a unique cyclization reaction. Gao
et al. (Gao et al.,, 2020) constructed a practical and novel Fe**
fluorescent probe via a unique strategy with Fe**-induced
reducing reaction, which can act in different monitoring of the
environment, such as living cells. Khatun et al. (Khatun et al,
2020) developed a kind of “Turn-On” probe P-Fe (II), which is
used to measure the exact amount of ferrous ion (Fe*) in
cosmetics or living cells (Figure 4B). Liang et al. (Liang et al,
2021) developed a new camphor-based fluorimetic probe (CBO)
with a natural monoterpene ketone camphor as a base material
for the detection of Fe** and it can be easily observed by
fluorescence of Fe** ions in some animals and in plant cells
Fe** imaging (Figure 4C).

By stimulating the two-photon microscope fluorescence
imaging at 680 nm, Yang et al. (Yang et al.,, 2019) reported for
the first time a novel intramolecular charge transfer (ICT) based
two-photon, near-infrared (NIR) -enabled fluorescent probe for
detecting Fe**, and applied to the actual living cells. In view of the
test organisms or the ferrous ions in aqueous environment, Zhang
et al. (Zhang X. et al,, 2020) on the basis of nitrogen oxides
reduction reaction, invented and created a new kind of “off—on”
fluorescent probes the NT—Fe (4-Amino-1, 8-naphthalimide),
which greatly improved the efficiency of Fe®" detection in
zebrafish.
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FIGURE 5 | (A) Schematic illustration of the formation of the dual-emission ratiometric fluorescence probe and the visual detection principle for copper ions (Wang
et al., 2016); (B) Dual-emission fluorescent sensing of Cu?* ions based on a CdSe@C-TPEA nanohybrid (Zhu et al., 2012); (C) Schematic representation of NS-CQDs
synthesis synthesizing NS-CQDs from banana juice (Chaudhary et al., 2020); (D) Schematic illustration of the visual detection principle for Cu?* using the tricolor probe
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During recent years, although there are not numerous reports
on the detection of Fe** by the methods of fluorescent probes,
some progress has been made. It can be roughly divided into “oft-
on” type Fe** fluorescent probes, “on-off” type Fe** fluorescent
probes, ratio type and other types of Fe*" fluorescent probes.
These in-depth exploration and research will be of great
significance for in-depth understanding of the specific
functions of Fe’" in organisms and the mechanism of action
on diseases.

3 PROBES FOR DETECTING COPPER

As we all know, copper ion (Cu’") is another heavy metal ion
found in very high concentrations in our people’s body. As a
cofactor of many enzymes, copper ion is inseparable from various
enzymatic catalysis and electron transfer processes, and it
occupies a unique and key position in various physiological
processes. Therefore, if copper homeostasis is out of whack, it
can lead to a lot of neurodegenerative diseases that we don’t
expect. In order to achieve an optimal measurement performance
for copper ions, small polymer fluorescent probes have been
extensively used in the procedure of microscopic image analysis
due to their certain uniqueness.

So far, methods about the Cu** ions’ detection using small
molecular fluorescent probes have generally included the UV-
toO-NIR regions of anthracene, danyl,pyrene, quinazoline,
cyanine  dyes, naphthalimide, quinoline, rhodamine,
fluorescein, BODIPY and so on (Sivaraman et al, 2018).
However, many significant properties of fluorescent probes

used in living cells and in vivo still need to be improved, such
as slow response speed, high detection limit and poor selectivity
(Kar et al., 2013).

Recently, Zhou et al. (Zhou et al., 2021) designed an open red
fluorescent probe that can be used well and efficiently to detect
copper ions (Cu’*) in some food samples and live zebrafish.
Besides, Copper (Cu) has also been found to be indispensable and
extremely important in the process of oxygen-containing
photosynthesis in biological systems. Li et al. (Li et al., 2021)
developed a novel “turn on” NIR probe DCM-Cu whose basic is
DCM for the detection of copper ion (II). Due to its wonderful
sensitivity and low cytotoxicity toward Cu®* with a Stokes shift of
140 nm, the probe has been widely used by scholars. What’s more,
by covalently linking carboxylate-modified red fluorescent
cadmium telluride (CdTe) quantum dots (QDs) with
fluorescent blue carbon nanodots functionalized with amino
groups (CDs), Wang et al. (Wang et al., 2016) developed a
ratio fluorescence nanosensor with good performance for Cu**
detection (Figure 5A). In addition, Zhu ef al. (Zhu et al.,, 2012)
also adopted a ratio fluorescence detection method for copper
ions, in particular, the CdSe@C quantum dots (QDs) with
different fluorophore dual-emission were selected. This probe
ion recognition higher and better stability (Figure 5B). Lin et al.
(Lin et al, 2014) successfully designed a new type of high-
fluorescence  metal-organic  structure (MOFs) for the
determination of copper ion content in water in the
environment. This strategy utilized a branched chain poly-
ethylamine encapsulated carbon quantum dot material, thus
improving the fluorescence quantum yield and detection effect.
By using mesoporous silica (MS) spheres as the material of
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nanometer reactors, Zong et al. (Zong et al., 2014) improved the
fluorescence probe of carbon point (CDs), and made a
contribution to the detection of copper ions by synthesizing
CDs as fluorescence probe by “off-on” method. Wang et al.
(Wang L. et al, 2020) implemented the chemical probe
formation of the copper (II) complex L- Cu®* as a dual-
channel recognition probe, allowing one to identify dramatic
changes in color with the naked eye. Yao et al. (Yao et al,, 2013)
designed a ratiometric fluorescent probe based on hybridized
dual-emission quantum dots (QDs) and demonstrated that it can
visualize real-time monitoring of copper ions in natural
environmental water sources, greatly improving efficiency. Ye
etal. (Yeetal., 2015) first reported the use of a cadmium pamoate
metal-organic framework as a bifunctional fluorescent sensor for
the detection of trace amounts of 2, 4, 6-Trinitrophenol (TNP)
and Cu®", a study that greatly improved the sensitivity of the
fluorescent probe for the recognition of copper ions. For the
detection of copper ions in actual samples, Tang et al. (Tang et al.,
2020) developed a pyridine amide (BTPPA) with aggregation-
induced emission (AIE) properties as a probe, which achieved by
aggregating switching strategies, through “on-off-on” variation of
emissions.

Fluorescent probes for the detection of Cu(II) in water samples
are also accessible from natural sources, such as Chaudhary et al.
(Chaudhary et al., 2020)’s synthesized and published highly
fluorescent N,S co-doped CQD (NS-CQD) at an excitation
wavelength of 330 nm with an enhanced quantum yield (32%)
(Figure 5C). For monitoring and identifying Cu**, Wang et al.
(Wang Z.-G. et al, 2020) developed a novel colorimetric/
fluorescent probe (7-(diethylamino)-2-oxo-2H-chromen-3-yl)
methylene)-4-(dimethylamino) benzohydrazide (HL).
Furthermore, in order to improve the continuity of the
process when detecting copper ions, Mohammadi et al
(Mohammadi and Ghasemi, 2020) developed
pyrimidine-based chemosensor (PyrCS) and was able to
achieve an intuitive vivid colorimetric response for observation
in a specific pH range. Song et al. (Song et al., 2018) designed a
dual emission ratio fluorescence sensing membrane for copper
ion detection. This double emission film managed to fabricate the
chitosan, graphite carbonitride (G-C;5N,) and Gold nanoclusters
(Au NCs). The film has high sensitivity and portability, which
opens up a new way for the detection of copper ions in the
environment. Ranee et al. (Ranee et al, 2018) synthesized
quinoline based novel fluorescent probes for the selectivity and
sensitivity of detecting Cu®* ions. Kumar et al. (Gujuluva
Gangatharan et al, 2018) synthesized an easily available and
portable “off-off” colorimetric and fluorescent probe with
excellent results in the application of trace Cu®* ions in real
water samples. Cai et al. (Cai et al., 2018) reported a fluorescent
test paper probe consisting of three different emitting quantum
dots including blue (bCDs), green (gQDs), and red (rQDs), which
enables a simple and rapid detection of Cu** ions in human urine
by observing the color of the filter paper (Figure 5D). Abnormal
levels of copper ions in living organisms can also cause many
neurological related diseases, and therefore it is of great
importance for biomedicine to have a variety of copper ion
fluorescent probes for use in living cells.

a novel
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4 PROBES FOR DETECTING ZINC

Zinc is the next most prevalent of the transition metal ions in the
human body. In small amounts, Zn** is beneficial to people’s
health, but at higher concentrations, it appears toxic. Zinc
imbalances have been linked to serious neurological diseases,
such as Alzheimer’s and Parkinson’s (Xu et al,, 2012). So far,
people have developed a variety of Zn** fluorescent sensors, and
successfully applied in living cells, hippocampal slices, and Zn**
imaging in zebrafish, especially Lippard and Nagano. In more
recent years, zinc ion fluorometric probes have been arranged
under different columns of fluorescent architecture, including
unquinoline, rhodamine, naphthalene, coumarin, naphthalimide,
pyrene, luciferin, derivatives of phenol and several other
fluorophore groups (Wang F. et al., 2021).

Walkup et al. (Walkup et al., 2000) first prepared a novel,
highly affinity, selective, membrane permeable Zn** fluorescence
sensor. Roy et al. (Roy et al., 2007) investigated a DFP based
sensor for the first time, which can be used as a fluorescent probe
for the detection of zinc ions and applied under certain
physiological conditions. Peng et al. (Peng et al, 2015)
designed and synthesized a chromophore-based up-conversion
nanoparticle (UCNPs) nano system as a fluorescent probe for
Zn** by combining chromophore groups and lanthanide-doped
UCNPs together. This method was demonstrated to significantly
improve the efficiency of divalent Zn ion detection in specific
animals, such as zebrafish. Kim et al. (Kim et al., 2013) reported a
unique fluorogenic Zn** chemosensor based on a cap-typed
tripodal Schiftbase. Zhou et al. (Zhou et al., 2010) designed a
hydrazone-pyrene-based fluorescent probe with simplicity and
efficiency in order to improve the selectivity of the fluorescent
probe for Zn ions. Then they further expanded the application
scenario of the probe and verified the feasibility of detecting Zn**
ions in pancreatic p-cells, which made a contribution to the
biomedical field. Hagimori et al. (Hagimori, 2013) reported that
novel fluorescent probes based on pyridine-pyridone possess low
molecular weight for zinc ion detection. Price et al. (Price et al.,
2018) reported AQA-F, a fluorescent probe that can be used to
detect zinc ions in prostate and prostate cancer cell lines in vitro.
Zhang (Zhang et al, 2012) developed a pyrazoline based
fluorescent probe and verified that this probe showed 40-fold
enhanced fluorescence for Zn** compared to other metal ions,
i.e., good selectivity for Zn ions, and that it could be well applied
in living neuronal cells.

Zhang et al. (Zhang et al,, 2016) reported two near-infrared
fluorescent probes based on the fluorophore platform
corresponding to Rhodol functionalized by dimethylamine Zn
(II) binding groups, and this probe enables the detection of Zn
(II) ions produced by intracellular metalloproteins. In addition to
this, Fang et al. (Fang et al., 2016) similarly synthesized and
studied two NIR fluorescent probes (A and B), but chose different
material bases. One is a semicyano structure attached to
dimethylamine (DPA) and the other is a dimethylamine
derivative with pyridine substituted by pyrazine, which are
very effective in detecting zinc ions in living cells. Among the
various near-infrared fluorescence (NIR) probes, Zhang et al.
(Zhang Y. et al.,, 2020) synthesized a near-infrared fluorescence

Frontiers in Chemistry | www.frontiersin.org

April 2022 | Volume 10 | Article 875241


https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Lietal

Review of Metal lon Detection

av
OH
N Ns
er
g

probe NR-Zn

B

o
0. S
OH ~~ NH,
Ao~ Y NHz-NH, Y N
72 T Ie) —_— 0
_ N K,CO,, acetone 7 N\ EIOH 7 N\

3 N 7
NHS, DCC,DMAP
pQcc

(C) The synthesis route of probe 1 (Wang et al., 2018).

H
N,
~ O/Ir NH, o n
o O jsonan
~ o == = N 0" Yo 0
8 o

FIGURE 6 | (A) The structure of the probe NR-Zn and its interaction mode with Zn (Il ion (Zhang Y. et al., 2020); (B) The synthesis route of DQCC (Kang et al., 2019);

0 2 hexamine
Z acetic acid, reflux
CH,
Coumarin
ethanol
NHa reflux ’
HaoN N
s NH ‘ \[( \N“2
L s
HO. O. o]

CHs

(NIR) probe NR-Zn consisting of a dicyanoisophorone derivative
and a dimethylamine molecule in a structure (Figure 6A). So far,
this probe has proved to be successfully applicable for zinc ion
recognition in Hela cells. Kang et al. (Kang et al., 2019) designed a
sophisticated fluorescent probe test paper in the acyl hydrazine
linkage mode that allows copper ion detection based on color
change according to a 365 nm UV lamp (Figure 6B). In some
specific scenarios, such as the detection of Zn** ions in CH;CN/
HEPES solution (1/1, 10.0mu M, pH = 7.0), a Schiff base
fluorescent probe (L) designed by Chang et al. (Chang et al,
2020) can efficiently achieve this purpose. Wang et al. (Wang
etal., 2018) devised and synthesized a novel coumarin based dual
chemosensor (probe 1), which was observed by fluorescent cell
imaging as a bio-imaging fluorescent sensor for detecting Zn>" in
human cancer cells (Figure 6C).

5 PROBES FOR SENSING TOXIC METAL
IONS

Among all kinds of heavy metal ions, lead, cadmium and mercury
ions do great harm to the environment and human beings
because of their dangerous properties. Since its high toxicity
directly or indirectly affect human health, it has been widely
concerned in the world. These three heavy metal ions are not
biodegradable and can therefore accumulate in the environment,
leading to food and water contamination. Heavy metal ions and
proteins (or enzymes) can have a strong interaction in the human
body, so that the protein inactivity, resulting in chronic poisoning
(He and Lu, 2001). People exposed to even very low amount of
lead, cadmium and mercury ions can lead to diseases of various
systems of the human body. Therefore, a reliable, and convenient
method to detect heavy metal ions, especially Hg**, Pb>" and
Cd**, has generated a lot of interest in recent years, which is of

great significance not only in environmental research, but also in
food research and industry and agriculture (Kim et al., 2012).

5.1 Probes For Detecting Hg?*

The detection of mercury ions is of great importance due to their
high toxicity and wide distribution in the environment, through
which they can enter the food chain and then have an impact on
human life and health (Staudinger and Borisov, 2015). Therefore,
there is an urgent need for simple, inexpensive and reliable
mercury detection methods with high selectivity and
sensitivity. In recent years, fluorescence probes used to detect
mercury ions are classified according to the changes of
fluorescence signal, including signal attenuation fluorescence
probes, signal enhancement fluorescence probes and ratio
fluorescence probes (Wang Y. et al.,, 2021). The applications of
mercury ion probes can be broadly divided into two areas:
environmental and biological.

In purpose of detecting ions in the environment, Lu et al. (Lu
et al., 2012) reported for the first time a water-soluble fluorescent
carbon nanoparticles (CPs) and used to detect Hg2+ in natural
environmental lakes, a method that is environmentally friendly,
economical and simple with greater universality. In addition, in
order to detect Hg”" in real lake water, Zhang et al. (Zhang and
Chen, 2014) also tried another method, where they obtained
nitrogen-doped carbon quantum dots (N-CQDs) using folic acid
as the carbon and nitrogen sources, which proved to be highly
luminescent with a detection limit of 0.23 uM. Wang et al. (Wang
S. et al, 2021) synthesized thioctic acid-carbon dots (SCDs),
which was used as an “off-on” type fluorescent probe in the
detection of Hg>". Xu et al. (Xu et al., 2018) expected to identify
Hg>* by changes in fluorescence spectra and fabricated a
colorimetric long-wavelength type fluorescent probe Hg-P to
obtain higher selectivity. Tao et al. (Tao et al, 2020)
synthesized a fluorescent probe based on a simple coumarin
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derivative, which could recognize mercury Hg** selectively in
aqueous solution.

In the field of biology, in order to identify Hg*" in living cells,
fluorescent probes with less cytotoxicity and better
biocompatibility are needed, therefore Li ef al. (Li et al., 2015)
designed nitrogen-sulphur co-doped carbon dots (N,S/C-dots)
and demonstrated their high fluorescence quantum yield (FLQY,
25%) and good practical application. Wu et al. (Wu and Tong,
2019) synthesized a nitrogen-sulfur co-doped carbon dots (N,S-
CDs) as a fluorescent probe with good luminescence properties
and high fluorescence quantum yield (16.1%), and achieved good
results in Hg®" ion recognition detection in HepG2 cells
(Figure 7A). Li et al (Liu et al, 2018) have done some
research on nano sensors by developing a turn-on nanoprobe,
which was prepared based on the principle of fluorescence
resonance energy transfer (FRET) between long-chain inducer-
functionalized upconversion nanoparticles (UCNPs) and short-
chain inducer-functionalized gold nanoparticles (GNPs)
(Figure 7B).

Pan et al. (Pan et al., 2018) reported the first reaction-based
fluorescent probe (ATC-Hg) that detects Hg (II), which was

designed based on the “covalent assembly” principle and is
now used to enable the detection of Hg ions in E. coli. Chen
et al. (Chen et al,, 2019) synthesized a reactive fluorescent probe
PIC based on peramidine group, this probe is very high in
selectivity due to the fluorescence can be enhanced by 42-fold
and is a promising method for the determination of mercury ions.
Zhou et al. (Zhou et al., 2017) designed and synthesized a novel
small molecule ratiometric fluorescent probe P-Hg using the
ESIPT/ICT mechanism, which can be better used to identify
Hg”*. This probe can be applied to capture mercury ions both in
the natural environment and in biological systems.

Given the diversity of both environmental conditions and
biological environments, the field of innovative fluorescent
probes for the selective detection of Hg>" faces challenges such
as endogenous active substance interference, leaky cells, and
photostability. Fluorescent probes are generally constructed
from organic molecular framework with poor stability. Hg*",
as a kind of toxic heavy metal ion, seriously disrupts the natural
physiological activities of living organisms. It is of great
significance to design powerful probe tools to study the effects
of Hg** on the health of organisms (Wang Y. et al,, 2021).
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5.2 Probes For Detecting Pb2*

Lead is a highly toxic substance used in batteries, gasoline and
paints. Lead contamination is a chronic concern that creates a
lasting threat to our human health and the environment in which
we live. Even very small amounts of lead can cause serious
damage to various neurological and reproductive systems in
our bodies, and can even cause hypertension, lower IQ and
slower reactions. According to a large study of scholars,
fluorescence and colorimetric sensors were well used, and
roughly divided into several categories according to its
receptors, including chemical sensor based on nanoparticles,
polymer, small molecules, naphthalimide and nanoparticles
(Kim et al., 2012).

A number of nanoparticle-based sensing systems have been
investigated. Song et al. (Song et al., 2019) designed a fluorescent
ion probe for achieving the measurement of lead ions in aquatic
solutions using covalent binding fluorescence of 1, 8-
naphthylamine dyes with cellulose nanocrystals (CNCs)
(Figure 8A). Zhang et al. (Zhang J. et al,, 2021) designed a
new dual-functional oligonucleotide (OND) probe for the trace
Pb (II) detection, in which the 5" end is a single fluorescent moiety
using HEX labeling (Figure 8B). Chen et al. (Chen et al., 2020)
developed a fluorometric nanoprobe for the determination of Pb
(II) based on up-converted nanoparticles (UCNPs) and on
magnetic Fe;0,-modified (MNPs) gold nanoparticles (GNPs)
(Figure 8C).

Several sensing systems based on polymers and small molecule
particles have been developed. Chini et al. (Chini et al., 2019)
reported a polymodal sensing method consisting of a highly

fluorescent dansyl-labeled copolymer P (MMA-co-Dansyl-Ala-
HEMA) (DCP) and a small molecule diketopyrrolopyrrole (DPP)
for the assay of the heavy metal lead (Pb*"). Liu et al. (LiuJ. et al.,
2013) reported a highly selective Pb** fluorescent probe that is
consisted of a BODIPY fluorescent moiety and a polyamide
receptor. Anand et al. (Anand et al,, 2015) synthesized a de
novo probe 5-[(anthracene-9-methylene) amino] quinolin-10-ol
(ANQ) on the anthracene platform. What’s more, Liu et al(Liu
etal, 2015) reported a fluorescent turn-on probe of an oxadiazole
derivative (OXD) that is based on the Schiff base molecule and
was used to detect lead ions.

Fluorescent sensors based on naphthalimide are also an
essential structure. Jiang et al. (Jiang et al, 2021) prepared a
chemical fluorescent probe by attaching thiocarbamate to a
naphthylamine derivative and applied it for Pb*>" recognition
in specific chemical reagents. Un et al. (Un et al, 2014)
successfully developed a good performance naphthylamino
fluorescent probe named NPA with Pb** recognition.

Other sensors based on receptors are still available for the
detection of lead ions. Recently, Bi and co-workers (Bi et al., 2017)
rationally designed and developed a unique near-infrared
fluorescent probe (NIR-PbP) and verified the capability of
probing Pb (II) ions in both solution and live cells. Mei et al.
(Mei et al., 2020) designed a newly available fluorescent probe L
for Pb®" based phenanthroline derivative. Khandare et al.
(Khandare et al., 2014) developed a fluorescent sensor based
on aggregation-induced emission (AIE) using the intense affinity
of lead ions for phosphate residues. Zhao et al. (Zhao et al., 2016)
developed a fluorescent biosensor to detect Pb** that utilized a
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water-soluble derivative of cationic perylene (compound 1) with
the characteristics of simplicity, label-free and high speed.

5.3 Probes For Detecting Cd**

Cd ions are also toxic to cells, while there are few fluorescent tools
to study Cd** toxicity. Due to the very similar binding properties
of Cd** and Zn*", this poses a great challenge and difficulty for
the development of Cd** probes. The first HK-2 intracellular
fluorescent probe for Cd** was a Liu Cd-1 consisting of
fluorescein and thiocarbamate (Carter et al., 2014). Nowadays,
various methods have been well developed for the determination
of Cd*", such as simultaneous radiation X-ray spectrometry,
synchrotron X-ray spectrometry and atomic absorption
chromatography. In recent years, researches on Cd** ion
fluorescent probes include the following categories: Quinolone-
based, coumarin-, benzothiazole based, rhodamine-based, dansyl
based, and diarylethylene based Cd*" fluorescent sensor, There
are also other small organic molecules based Cd** sensor and
nanosensor-based Cd** fluorescent sensor. In addition,
fluorescence and colorimetric nano Cd** sensors, such as
metal-organic framework (MOF), quantum dots (QD),
nanoclusters (NCs) and nanoparticles (NPs), have also made
good progress in recent years (Shi et al., 2021).

First, due to the ease of synthesis and precise control of the
active site (Abdollahi et al., 2020), the synthesis and design of
metal-organic framework (MOF) have been applied to the design
of neutral architectures for anion recognition (Esrafili et al., 2020)
and the selective capture of heavy metal ions (Esrafili et al., 2021).
To detect Cd** in alkaline solutions, Hao et al. (Hao and Yan,
2015) reported the one of the first fluorescent probes for Cd** on
the basis of lanthanide structure of functionalized metal-organic
framework (MOF), and this sensor has the advantage of a high
sensitivity. Liu ef al. (Liu Q. et al., 2013) designed a kind of new
fluorescent probe DQCd, for Cd** based on 4-
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piperidinylquinoline by utilizing the ratiometric reaction in
phosphate buffered saline solution (PBS) buffer, and its
emission intensity was significantly enhanced. Tsukamoto
et al. (Tsukamoto et al, 2016) a highly practical
naphthalenyl Cd** fluorescent probe, which allows a good
selectivity and is suitable for a range of pH values since this
method has almost no background reaction. Furthermore,
Shim et al. (Shim and Tae, 2011) also developed a rhodamine-
hydroxylamine platform-based fluorescent probe consisting
of a picolinic and a cycloalkene-binding unit (Figure 9A). Xin
et al. (Xin et al., 2013) synthesized the first fluorescent probe
on the basis of difluoroborane dibenzoyl for the determination
of Cd*". Liu et al. (Liu et al, 2010) developed DBITA, a
ratiofluorescent sensor that can be used for the recognition of
Cd*" in live cells or aqueous media, with a Cd**-induced
emission redshift of 53 nm (Figure 9B). Sun et al. (Sun et al,,
2016) reported a ratio-measured and reversible fluorescent
probe for the recognition of Cd** in living cells that was based
on a 6-(dimethylamino) quinaldine derivative. For Cd** in
living human cells, Jiang et al. (Jiang et al., 2014) developed a
novel fluorescence probe (L) for C-3-symmetric Schiff
alkaloids on the basis of 8-hydroxy-2-methylquinoline. Liu
et al. (Liu et al., 2014) synthesized a well-performing organic
salt probe in the determination of Cd** based on bis-1, 3, 4-
oxadiazole derivatives and BAPTA. Liu et al. (Liu et al., 2012)
developed and synthesized a novel two-photon excited
cadmium fluorescent probe (named TPCd) based on
o-phenylenediamine derivatives and Prodan (6-acetyl-2-
methoxynaphthalene)  derivatives by a  two-photon
approach, and demonstrated that Cd** detection in
organisms is feasible and versatile. Therefore, this is a very
meaningful study.

6 CONCLUSION

In summary, the identification and detection of biologically and
environmentally critical species is already an important area of
research in the field of the chemosensor. Fluorometry in
combination with suitable probes is the preferred and excellent
method of measuring these analytes due to the fast,
nondestructive and  sensitive nature of fluorometry
measurements, and important progress has been realized in
the definition and composition of fluorescent chemosensors
predicated on various platforms. More and more researchers
are engaged in this field, and have accumulated a lot of theoretical
and practical experience in the development, synthesis and
application of probes, accelerating further development of new
fluorescent probes.

In this paper, the research progress of fluorescent probes
for metal ion detection is reviewed. These fluorescent probes
are mainly divided into organic small molecule probes and
nano fluorescent probes. For different metal ions, different
materials are selected to design and synthesize fluorescent
probes, such as quantum dots, coumarin derivatives, benzene
derivatives, etc. The development of sensing mechanisms
plays an important role in improving the sensing
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performance of metal ions. For example, the solar excited
naked eye Fe’* detection is realized by improving the
luminescence efficiency based on the central hydrophobic/
external hydrophilic strategy (Sun et al., 2020). So far, the
main efforts have been devoted to the study of new sensing
mechanisms, strategies to expand the range of detected metal
ions, and methods to improve sensitivity and selectivity.
However, there are still limitations and unparalleled
challenges in the practical application of fluorescent
probes. The variation of pH, temperature and probe
behavior in different environments, as well as the
accompanying fluorescence burst effect in some fluorescent
sensors, have raised high requirements for the design of
fluorescent probes. Therefore, in future, lots of aspects
need to be further improved, including compatibility of
probes in organisms and accuracy of fluorescent probe
sensing, etc., so they can be applicable to more complex
detection environments. We believe that fluorescent probes
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will become a very powerful tool in the biomedical field and
make great contributions to biology in future.
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As a novel carbon allotrope, carbon quantum dots (CQDs) have been investigated in
various fields, including photocatalysis, bioimaging, optoelectronics, energy and
photovoltaic devices, biosensing, and drug delivery owing to their unique optical and
electronic properties. In particular, CQDs’ excellent sunlight harvesting ability, tunable
photoluminescence (PL), up-conversion photoluminescence (UCPL), and efficient photo-
excited electron transfer have enabled their applications in photocatalysis. This work
focuses on the recent progress on CQDs-related materials’ synthesis, properties, and
applications in photocatalysis.

Keywords: carbon quantum dots (CQDs), photocatalysis, modified quantum dots, composite quantum dots, energy
and environmental remediation, photovoltaic devices

1 INTRODUCTION

A new kind of carbon allotrope, carbon quantum dots (CQDs), carbon dots (CDs, C-dots, or Cpoys),
or carbon nanodots (Liu et al., 2016) are quasi-spherical, monodisperse carbon nanoparticles with a
diameter below 10 nm. Graphene quantum dots (GQDs) are a kind of CQDs with relatively high
crystallinity over other allotropic forms (Li et al., 2015). CQDs possess both electronic properties of
carbon materials and optical properties of quantum dots (Yu et al., 2016). They were discovered in
2004 (Xu et al., 2004) and got their name in 2006 (Sun et al., 2006). CQDs have been researched in
various fields such as photocatalysis (Hu et al., 2013a; Han et al,, 2013; Hou et al., 2015; Fang et al.,
2016), bioimaging (Ray et al., 2009; Antaris et al., 2013; Bhunia et al., 2013), optoelectronics (Guo
et al., 2012; Chen Q.-L. et al,, 2013; Bourlinos et al., 2013; Ma et al., 2015), photovoltaic devices
(Zhang et al., 2013; Suzuki et al., 2015), biosensing (Kleinauskas et al., 2013; Zhu et al., 2013), and
drug delivery (Tang J. et al., 2013; Feng et al., 2016).

CQDs have an amorphous or nanocrystalline core, which is mainly sp” carbon, with the lattice
spacings of graphite and oxygenic functional groups (5-50 wt%) on the surface, which give water
solubility and the possibility of further functionalization (Yang et al., 2009a; Yang et al., 2009b; Baker
and Baker, 2010). This structure gives CQDs having unique properties, including excellent sunlight
harvesting ability, tunable photoluminescence (PL), up-converted photoluminescence (UCPL), and
efficient photo-excited electron transfer. Depending on synthesis methods, functional groups on the
surface can be modified to further tune the PL of CQDs. By introducing electron donor and/or
electron acceptor, PL of CQDs can be quenched (Wang et al., 2009; Basit et al., 2022; Chang et al.,
2022).

The unique properties of CQDs enable their applications in photocatalysis (Murali et al., 2021;
Syed et al., 2021; Yao et al,, 2022), where photogenerated electrons and holes do the job. The UCPL of
CQDs makes the use of the full spectrum of solar light possible to increase the light absorption and
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GRAPHICAL ABSTRACT |

thus the photogenerated electrons and holes (Wang and Hu,
2014; Farshbaf et al., 2018; An et al., 2022; Preethi et al., 2022;
Saeidi et al., 2022; Su et al., 2022). The efficient photo-excited
electron transfer of CQDs retard the recombination of electron-
hole pairs to increase the lifetime of photogenerated electrons and
holes (Liang et al., 2021; Liu et al., 2021; Mahmood et al., 2021).
Hence, CQDs can be used in photocatalysis. CQDs can act as a
sole photocatalyst or enhance the photocatalytic activity of other
photocatalysts as an electron mediator, a photosensitizer, and/or
a spectral converter (Figure 1).

This work focuses on recent progress on CQDs-related
materials’  synthesis, properties, and applications in
photocatalysis. Subsequently, Sections 2-4 will be about
carbon quantum dots, modified carbon dots, and composite
carbon dots, respectively. In each section, the synthesis
methods, characterization, and photocatalysis of corresponding
materials will be introduced. The synthesis of those materials and

Carbon
Quantum
Dots

¢ Sole Photocatalyst

WCEIIEEAN « Sole Photocatalyst
Carbon

Dots ¢ Photosensitizer

Carbon Quantum Dots (CQDs) « Photosensitizer

e Electron Mediator
* Spectral Converter

Composite
Carbon
Dots

FIGURE 1 | Schematic overview of applications of CQDs-related
materials as sole photocatalysts, photosensitizers, electron mediators, and
spectral converters.

the pollutants they photodegrade are summarized in Table 1, and
Section 5 will present the conclusion.

2 SYNTHESIS METHODS OF CQDS

Xu et al. discovered fluorescent CQDs by coincidence while
purifying single-walled carbon nanotubes (SWCNTs) from
arc-discharged soot that they came up with the idea to
publish their findings in Science (Xu et al, 2004). There
have now been other alternative synthesis strategies for
producing CQDs that have been found and refined. This
research is primarily concerned with easy, cost-effective,
size  adjustable, and large-scale methodologies for
synthesizing CQDs that have improved functions and can
be produced in a wide range of compositions and structural
arrangements. “Top-down” and “bottom-up” strategies are
often used in the production of CQDs, and they may be
separated from one another by the direction in which the
size expansion of the implemented materials takes place: “top-
down” and “bottom-up” procedures schematic representation

in Figure 2.
Top-down techniques wuse treatments including arc
discharge, laser ablation, electrochemical oxidation,

chemical oxidation, and ultrasonic synthesis to create CQDs
from macroscopic carbon structures such as graphite,
activated carbon, and carbon nanotubes (Zhou et al., 2007;
Yang et al., 2009a; Peng and Travas-Sejdic, 2009; Tian et al.,
2009; Li X. et al., 2011; Tang D. et al., 2013; Hu et al., 2013b).
Bottom-up procedures use microwave synthesis, thermal
decomposition, hydrothermal treatment, template-based
routes, and plasma treatment to make CQDs from
molecular precursors such as citric acid, sucrose, and
glucose (Zhu et al., 2009; Li et al., 2012; Tang et al., 2012;
Chen B. et al,, 2013; Qu et al., 2013; Bian et al., 2014; Ma et al.,
2015).
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TABLE 1 | CQDs-based materials’ synthesis and application in photocatalytic pollution control processes.

CQDs catalytic system

Graphene quantum dots
Carbon dots

Carbon dots

Carbon dots

Nitrogen doped carbon dots
Nitrogen doped carbon dots
Nitrogen doped carbon dots
Nitrogen doped carbon dots
Nitrogen doped carbon dots
and chlorine doped carbon
dots

Nitrogen and magnesium
co-doped carbon dots
Nitrogen and cobalt co-
doped carbon dots

Sulfur and chlorine co-
doped carbon dots
Phosphorus doped carbon
dots

Boron doped carbon dots
Phenylhydrazine modified
carbon dots

TiOo-wsCQDs

CQDs/TNTs

CDs/N-TiO,

Active blend functionalized
TiO»

N-CDs/TiO,
NCQDs/TIO,

NP-CQDs/TiO»
cl-Ch-p(VI)/TiO,NPs-CDs

CDs/P25/Rgo
cQbz
CDs_BZO

N,Fe-CDs/G-WO4

WOz/GO/NCQDs
ZnO/C-dots
Zn0O-CDs
Cpots/Zn02

PVA/CZnO,

Source
Citric acid
Elettariacardamomum
Bitter apple peel
Pear juice
Cocciniagrandis
Citrus grandis
Empty fruit bunches

Azadirachtaindica

Agua mesophase pitch

Bougainvillea leaves
Vitamin B12

Palm powder
D-glucose anhydrous
Citric acid

Maltitol

Lemon peel

Citric acid

Ascorbic acid

Sodium alginate

Citric acid
Citric acid

Citric acid
Sugar cane juice

Citric acid
Ammonium citrate
Citric acid

Folic acid

Citric acid

Glucose and copra oil
Grounded coffee
D-glucose

D-glucose

Method

Pyrolysis
Solution extraction
Carbonization
Hydrothermal
treatment
Hydrothermal
treatment
Hydrothermal
treatment
Hydrothermal
treatment
Hydrothermal
treatment
Hydrothermal
treatment

Carbonization
Pyrolysis

Hydrothermal
treatment
Hydrothermal
treatment
Hydrothermal
treatment
Thermal
decomposition
Hydrothermal
treatment
Hydrothermal
treatment
Hydrothermal
treatment
Microwave
digestion

Hydrothermal
treatment
Microwave
assisted method
Thermal treatment
Microwave
assisted method
Hydrothermal
treatment
Thermal treatment

Hydrothermal
treatment
Hydrothermal
treatment

Hydrothermal
treatment
Solvothermal
treatment
Hydrothermal
treatment
Microwave
assisted method
Microwave
assisted method

Pollutants
New fuchsin dye
Congo red and methylene blue dyes
Crystal violet dye
Methylene blue dye
Methyl orange dye
Methylene blue dye
Methylene blue and malachite green dyes

Safranin-O dye

Rhodamine B, methylene blue and indigo
carmine dyes

Methylene blue dye

Rhodamine B dye

Rhodamine B and methylene blue dyes
Methylene blue dye

Rhodamine B and methylene blue dyes
Methylene blue dye

Methylene blue dye

Methylene blue dye

Rhodamine B dye

Methylene blue, crystal violet and methyl
orange dyes and pharmaceuticals like

diclofenac and tetracaine
Rhodamine B dye

Methylene blue dye

Reactive Blue 4 and Reactive Red 15 dyes
and toxic compound 2,4-dicholorophenol
Rhodamine B, methylene blue and methyl
orange dyes

Methylene blue dye

Methylene blue dye

Rhodamine B and methylene blue dyes and
pharmaceuticals like ciprofloxacin,
tetracycline hydrochloride and
oxytetracycline

Methyl orange dye

Methylene blue dye
Methylene blue dye
Methyl orange, methylene blue and

Rhodamine B dyes
Methylene blue dye

CQDs

Sole
Photocatalyst
Photosensitizer

Photosensitizer
Electron
Mediator

Photosensitizer
Electron
Mediator
Special
Converter

References
(Roushani et al., 2015)
(Zaib et al., 2021)
(Aggarwal et al., 2020)
(Das et al., 2019)
(Chandrasekaran et
al., 2020)

(Ramar et al., 2018)
(Rani et al., 2021)
(Dhanush and
Sethuraman, 2020)
(Cheng et al., 2019)
(Bhati et al., 2018)
(Wang et al., 2020)
(Zhu et al., 2020)
(Mathew et al., 2020)
(Peng et al., 2020)
(Han et al., 2020)
(Tyagi et al., 2016)
(Zhao et al., 2018)

(Zhang J. et al., 2020)

(Vassalini et al., 2020)

(Ouyang et al., 2020)
(Li et al.,, 2018)

(Guo et al., 2018)
(Midya et al., 2020)

(Zhu et al., 2021b)
(Ratnayake et al.,
2019)

(Patra et al., 2018)

(Ni et al., 2020)

(Jamila et al., 2020a)
(Velumani et al., 2020)
(Omer et al., 2018)
(El-Shamy, 2020Db)

(El-Shamy, 2020a)

(Continued on following page)
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TABLE 1 | (Continued) CQDs-based materials’ synthesis and application in photocatalytic pollution control processes.

Pollutants CQDs References

CQDs catalytic system Source Method
PVA/CQDs D-glucose Solution casting
method
PVP-CD Lemon juice Hydrothermal
treatment
CDs/Ce0s Wood powder and citric Hydrothermal
acid treatment
CuO/NCQDs Citric acid Hydrothermal
treatment
CQDs/KNbO3 L-ascorbic acid Hydrothermal
treatment
Pd@CD-CONH Citric acid Hydrothermal
treatment

MIL-53(Fe)/CQDs/MNPs

Wood based activated
carbon

HNO3 treatment

CCN Citric acid Hydrothermal
treatment
NCQD/g-C3N4 Citric acid Hydrothermal
treatment
GA-CQDs/CNN EDTA-2Nae2H,0 Hydrothermal
treatment
g-C3N4/AgsPO4/NCDs Citric acid Solution process
AgsPO4/GO/NCD Citric acid Hydrothermal
treatment
CDC-dye Citric acid Microwave
assisted method
N-CDs/m-TiO, Citric acid
CDs/g-C3N4/Sn0Oy4 Quanidiniumhydrochoride Thermal
polymerization
method
ZnO/CQDs Hydrothermal
treatment
CDs/NiCO504 Hydrothermal
treatment
Au/CQDs
L-CQDs/ZnO Hydrothermal
treatment
ZnO/CQDs/AuNPs D-lactose Hydrothermal
treatment
CQDs/Au/BMO Citric acid Hydrothermal
treatment
CQDs/BIOCOOH/UCN Citric acid Hydrothermal
treatment
N-CQDs/BiOl,Br « Citric acid Co-precipitation

method

Methylene blue dye

Rhodamine B, malachite green, crystal

violet and Eosin Y dyes
Methylene blue dye

(El-Shamy and
Zayied, 2020)
(Nayak et al., 2020)

(Gong et al., 2019)

Methyl orange dye Photosensitizer  (Jamila et al., 2020b)
Electron

Crystal violet dye Mediator (Qu et al., 2018)
Special

Rhodamine B dye Converter (Selim et al., 2020)

Rhodamine B, malachite green and
methylene blue dyes and Cr(VI)
Methylene blue and Rhodamine B dyes

Methylene blue dye

Methyl orange dye

Methylene blue and Rhodamine B dyes and

refractory pollutant phenol

Methylene blue and Rhodamine B dyes and

refractory pollutant phenol

Methylene blue dye
Indomethacin (IDM)

Benzene and Methanol

Photocatalytic HER and OER

Cyclohexane
Phenol

Methylene blue dye
Phenol
Sulfathiazole (ST2)

Phenol

2.1.2 Chemical Oxidation

(He et al., 2021)
(Zhang L. et al., 2020)
(Seng et al., 2020)
(He et al., 2018a)
(Miao et al., 2018a)
(Miao et al., 2018b)
(Jana et al., 2020)
(Zhang et al., 2021)
(Li et al., 2021)

(Yu et al., 2012)
(Nie et al., 2021)

(Liu et al., 2014)
(Liang et al., 2020)

(Bozetine et al., 2021)
(Zhao et al., 2021)
(Hu et al., 2021)

(Gao et al., 2021)

2.1 Top-Down
2.1.1 Laser Ablation

Recent trends in CQD preparation favor laser ablation, which can
easily control morphology and manufacture a variety of
nanostructures. Laser ablation is an excellent process for
creating CQDs with a limited size distribution, good water
solubility, and fluorescence properties, among other qualities.
However, it is not widely used because of its intricate operation
and high cost (Hu et al., 2009; Cui et al., 2020).

In two different configurations, a batch configuration and a
flow jet configuration, Donate-Buendia et al. synthesized CQDs
by laser irradiation of glassy carbon particles suspended in
polyethylene glycol 200 (Donate-Buendia et al., 2018).

Chemical oxidation is a cost-effective and convenient
method for large-scale production that does not require
sophisticated devices. Tan et al. made CQDs via oxidation
(Tan et al., 2019). In a 100 ml round-bottom flask, 50 ml of
concentrated HNO; and HClO, were combined 1:1 with
2.00 g coconut shell activated carbon. Oxidation was carried
out for 120 min at 100°C with 500 rpm magnetic stirring
(500 rpm). The dark suspension was cooled and then
separated using a 1,000 Da ultrafiltration membrane in an
MSC300 ultrafiltration apparatus. The filtrate was
concentrated in vacuo and dialyzed for 3 days to remove
inorganic ions to create CODs.
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FIGURE 2| Schematic representation of CQDs synthesis by “top-down”

and “bottom-up” approaches.

2.1.3 Electrochemical Oxidation

In the production of CQDs, electrochemical oxidation is the most
often used technique. This approach has the benefits of high
purity, cheap cost, high yield, ease of size modification, and
excellent repeatability (Zhou et al., 2021). Zhou et al. reported
the first electrochemical generation of CQDs from multiwalled
carbon nanotubes (MWCNTSs) (Zhou et al., 2007). Li et al.
described the direct electrochemical production of 3-5nm
green luminous GQDs (Li Y. et al., 2011).

2.1.3 Ultrasonic Synthesis

Although it is widely established that ultrasound can generate
alternate low-pressure and high-pressure waves in liquids, the
development and collapse of small vacuum bubbles are not well
understood (Liang et al., 2013; Lu and Zhou, 2019; Wu et al,,
2019; Rosiles-Perez et al., 2020).

Qi et al. synthesized CQDs by ultrasonic synthesis 60 ml
L-glutamic acid aqueous (0.45M) introduced to the reaction
kettle through an ultrasonic transducer. The ultrasonic generator
remained at 50% power during the reaction. The solution was heated
to a particular temperature and then cooled to room temperature
when it became yellow and no visible precipitation occurred,
indicating the CQDs were formed (Qi et al., 2021).

2.2 Bottom-Up

2.2.1 Thermal Decomposition

The thermal breakdown has been utilized in the past to produce
various semiconductor and magnetic nanomaterials, among other
things. Recent research has demonstrated that external heat can
contribute to the dehydration and carbonization of organic
materials, resulting in the formation of CQDs. The advantages
of this process include ease of operation, a solvent-free approach, a
wide range of precursor tolerance, a fast reaction time, a low cost,
and the ability to scale up production (Chen et al., 2018; Ghosh
et al,, 2021; Kang et al.,, 2022; Dordevi¢ et al,, 2022).

Tang et al. created R-CQDs by heat treatment wine lees, which
served as the carbon source (Tang et al., 2021). By an open beaker,
100 ml of wine lees was heated for 0.5-2 h on a heating platform
at 300°C to get the reactants, and then 100 ml of ethanol solution
was poured into the beaker once the reactants had cooled. For
regulating CQD size and homogeneity, the supernatant was post-
treated using column chromatography or dialysis followed with
evaporation of ethanol yields CQDs.

Carbon Quantum Dots Based Photocatalysis

2.2.2 Microwave Synthesis

Microwaves are a form of electromagnetic wave with a broad
wavelength range of 1 mm to 1 m, and they can deliver massive
amounts of energy to a substrate, allowing it to be broken apart
chemically. Therefore, the microwave approach may be used to
significantly reduce reaction time while also providing
homogenous heating, which results in a more consistent
distribution of quantum dots in the final product (Yang et al,
2018; Zhu J. et al., 2021).

Yu et al. prepared CQDs by a microwave synthesis method
(Yu et al,, 2018). In a 100 ml beaker, phthalic acid (2g) and
triethylenediamine hexahydrate (1g) were dissolved in 3 ml
deionized water. The beaker was then cooked for 60 s on the
revolving plate of a household MW oven (700 W). After cooling,
the crude products were dialyzed for 24h against 500 ml
deionized water to make powdered CQDs. Basoglu et al.
synthesized CQDs by the microwave-assisted pyrolysis of the
roasted chickpeas (Basoglu et al., 2020). In total, 2 g of roasted
chickpeas were digested in 40 ml ultra-pure water. This mixture
was transferred to a 250 ml beaker and microwaved for 2 min.
15 min at 3,000 rpm centrifuged the cooled solution. The Allegra
X-30R was utilized (Beckman Coulter). The cream solid was
extracted from the supernatant. The liquid was filtered using 0.45
and 0.2 mm syringe membranes. The solution was centrifuged for
15 min at 12,000 rpm to remove the aggregates. The liquid CQD
was blended. Solute was chilled at 4°C to make CQDs.

2.2.3 Hydrothermal Treatment

Hydrothermal carbonization produces innovative carbon-based
compounds from saccharides, organic acids, juice, or discarded
peels. Generally, an organic precursor solution is enclosed and
heated in a hydrothermal reactor.

Das et al. fabricated green-emissive carbon quantum dots
(CQDs) from pear juice in a simple and scalable hydrothermal
route (Das et al., 2019). In order to make the CQDs, the pear juice
was held in a Teflon-lined autoclave at 180°C for 36 h and filtered
with a 0.22 pm filter. Chandrasekaran et al. prepared nitrogen-
doped carbon dots (N-CDs) from Coccinia grandis extract by a
simple hydrothermal method (Chandrasekaran et al., 2020). The
Coccinia grandis extract and aqueous ammonia were held in a
Teflon-lined autoclave for 12 h at 180°C, filtered with Whatman
40 filter paper, and centrifuged at 1,000 rpm for 1h to make
N-CDs.

3 PROPERTIES OF CQDS

3.1 Optical Absorbance

For the most part, the optical absorption peaks of CQDs in the
UV visible region are interpreted as being caused by the sp
conjugated carbon p-p transition and the n-p transition caused by
the hybridization with heteroatoms such as N, S, and P, among
others. Surface passivation or modification processes can be used
to control the absorption property of the surface. He et al.
synthesized CODs from lemon juice using a simple
hydrothermal treatment at low temperatures and short time
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(He M. et al,, 2018). The CQDs have good optical and material
qualities. Under UV or blue light irradiation, they produce
strong blue-green fluorescent light. According to He et al,
CQDs can image plant cells. These critical insights can help
us learn more about CQDs and investigate their potential
applications.

3.2 Fluorescence

PL is one of the most intriguing characteristics of CQDs, both
from a basic and an application-oriented standpoint. Section 4
describes how to modify the PL features of CQDs to get the
desired result. Raj et al. (2021) synthesized water-dispersible and
fluorescence-stable carbon quantum dots (CQDs) at a gram scale.
Their optical and fluorescent properties were studied in depth.
Aquatic dispersion emits intense yellow light in UV lamps
(365 nm). As a nano-probe CQDs can detect heavy metal ions
like Cr’*, Fe’*, and Cu®" in aqueous media at neutral pH by
quenching their fluorescence. The LOD of 100 nM for each of
these ions of CQDs. These fluorescence-stable CQDs are easily
manufactured and maintained for sensing applications.

3.3 Phosphorescence

CQDs have recently been discovered to have phosphorescence
capabilities (Tan et al., 2016a, Tan et al., 2016b; Chen et al., 2019;
Yuan et al., 2022). It has been possible to develop a pure organic
room temperature phosphorescent (RTP) material based on
water-soluble CQDs, and the phosphorescent lifetime of this
material has been increased to the sub-second order (380 ms).
It was possible to witness clear phosphorescence at room
temperature when the CQDs were dispersed in a polyvinyl
alcohol (PVA) matrix when the PVA matrix was activated
with UV light (Deng et al, 2013). Preliminary research
revealed that the phosphorescence was caused by triplet
excited states of aromatic carbonyls on the surface of the
CQDs, which was supported by the results of the experiments.
The hydrogen bonding between the matrixes PVA molecules can
successfully preserve the triplet excited state energy from
rotational or vibrational loss by rigidifying the groups that
make up the triplet excited state. Section 4 discussed more
related literature on CODs.

3.4 Chemiluminescence

The chemiluminescence (CL) of CQDs was initially observed
when they were mixed with oxidants such as potassium
permanganate (KMnO,) and Cerium (IV) (Lin et al, 2012).
EPR shows that oxidants such as KMnO4 and Cerium (IV)
may insert holes into CQDs. This increases the population of
holes in CQDs and speeds up electron-hole annihilation, leading
to CL emission. Moreover, the CL intensity was dependent on
CQD concentration. The thermal equilibrium of electron
dispersion in CQDs also discovered that increasing
temperature had a beneficial influence on CL. The fact that
the surface groups of this system’s CL characteristics can be
changed is intriguing (Teng et al., 2014). The CL of CQDs offers
new possibilities for their use in reductive substance
determination (Lin et al., 2011; Zhao et al, 2013; Wang et al,,
2019; Shen et al., 2020).

Carbon Quantum Dots Based Photocatalysis

3.5 Photoluminescence
There has been a significant increase in recent years in the

amount of research being done on the PL of CQDs, which is
one of the most exciting characteristics of CQDs and has been
used in the field of photocatalysis (Chen et al., 2022; Peng et al,,
2022). The PL emission pattern is similar to the Stokes type
emission pattern in that the PL emission wavelength is longer
than the excitation wavelength of the laser. Many publications
have been published on the observation of PL emissions in CQDs
from diverse sources (Cao et al, 2022; Liang et al, 2022;
Pooresmaeil et al., 2022; Yu et al.,, 2022; Zhang et al., 2022). A
detailed look at the spectroscopic aspects of the emissions and the
underlying structural characteristics reveals that most recorded
PL emissions fall into one of two groups. One is related to band
gap transitions corresponding to conjugated p-domains, while
the other is due to defects in graphene structures. The two groups
are often interrelated since the exploitation or manipulation of
graphene sheet defects creates or inducts p-domains. Many
investigations examined the relationship between PL emission
and CQD excitation wavelength discussed in Section 4.

4 PHOTOCATALYTIC APPLICATIONS OF
cabs

There are some advantages to using CQDs in photocatalysis. CQDs
are superior to other typical photocatalysts in terms of water
solubility, chemical stability, and low toxicity (e.g., ZnO, TiO2,
and CdS). After surface modification, CQDs display outstanding
and tunable optical characteristics of absorbance and PL. UCPL of
CQDs, in particular, may greatly increase the sunlight absorption
of wide band gap semiconductors into the visible and near-infrared
regions. Photoinduced CQDs are also good electron donors and
acceptors, allowing for efficient electron-hole separation. Thus,
CQDs can be used as electron mediators, photosensitizers, spectral
converters, and sole photocatalysts. In fact, these many impacts
often occur concurrently. CQD-based photocatalyst systems are
summarized in this section.

4.1 Carbon Quantum Dots (CQDs)

Roushani et al. fabricated graphene quantum dots (GQDs) by
pyrolyzing citric acid (CA) as a source of carbon (Roushani et al.,
2015). The CA was held in a beaker on a heating mantle at 200°C
for 30 min and then neutralized with NaOH to make GQDs.
According to the photoluminescence (PL) spectrum, the GQDs
showed an emission peak at 460nm with an excitation
wavelength of 362 nm, indicating that GQDs are fluorescent in
nature. The TEM result demonstrated that the GQDs had an
average diameter of 15 nm. The zeta potential of the GQDs was
—-24.6 mV, indicating that the GQDs had a negatively charged
surface. The Raman spectrum confirmed the presence of G-band
and D-band at 1,600 and 1,377 cm ™, respectively. The I5/I value
of GQDs was as high as 1.03, indicating GQDs have a crystal
structure with some sp” defects caused by smaller clusters. The
GQDs were used as photocatalysts for the degradation of New
Fuchsin (NF) dye under visible light. The effects of GQDs, initial
NF concentration, pH of dye, and contacting time on the degradation
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SCHEME 1 | Schematics of (A) unmodified, (B) modified, and (C) composite carbon quantum dots (CQDs).

FIGURE 3 | High resolution transmission electron microscopic (H-TEM)
image of a single CQD showing graphitic spacing. (Reproduced from Das
et al., 2019, Springer Nature).

efficiency were investigated. The rate constant and degradation
efficiency were rarely affected by NF concentration and only
decreased slightly when the initial NF concentration increased.

Zaib et al. synthesized carbon dots (CDs) from Elettaria
cardamomum in an eco-friendly way by the facile sonication
method (Zaib et al, 2021). The Elettaria cardamomum leaves
were ultra-sonicated for 45min, centrifuged at 4,500 rpm for
15 min, and filtered with 0.22 pm membrane filter to make CDs.
In the XRD result, the peak at 22.9° confirmed the existence of
amorphous phase carbon in the synthesized CDs. The Raman
spectroscopic result showed a G-band at 1,575cm™, which
represents a graphitic band of carbon, and a weaker D-band at
1,365 cm ™", which represents a disordered band of carbon. According
to the photoluminescence spectroscopic result, when the excitation
wavelength was 514 nm, CDs showed two emission peaks at 520
and 850 nm, respectively, indicating that CDs are fluorescent.
The CDs were used as photocatalysts for the degradation of
methylene blue (MB) and congo red (CR) under visible light
irradiation. At the optimal condition (4 pH, 5 ppm CR, and 5 ml
CDs), CR degradation took 50 min. However, when the dye was
changed to MB with a similar concentration and at 8 pH,
degradation took just 5 min more than CR.

Aggarwal et al. prepared photoactive carbon dots (CDs)
through a facile, green, and scalable method by charring bitter
apple peel (Aggarwal et al., 2020). Dried peel was carbonized at
around 300°C in a muffle furnace for 2 h to generate carbon dots.
XPS study showed the elemental composition of CDstobe 60.3,
37.47, and 2.23% for C, N, and O, respectively. The presence of
graphitic G-band and disordered D-band at 1,571 and 1,355 cm™"
was confirmed by Raman spectroscopy. H-TEM studies showed
the presence of graphitic fringes in CDs. The photoactive CDs
were used as photocatalysts for the degradation of crystal violet
(CV) under solar light. The photoactive CDs degraded 20 ppm of
CV in ~90 min, much faster than the degradation in the dark.
According to the active species scavenging experiment, the most
important active species engaged in the degradation reactions
were photogenerated electrons and holes. The degradation of CV,
from aromatic compound to little aliphatic pieces, was confirmed
by NMR spectroscopy.

Das et al. fabricated green-emissive carbon quantum dots
(CQDs) from pear juice in a simple and scalable hydrothermal
route (Das et al., 2019) and H-TEM analysis shows the high
crystallinity of CQDs in Figure 3. According to XPS results, the
elemental composition of CQDs was 71% and 29% for C and O,
respectively. The photoluminescence (PL) results revealed that
the CQDs showed excitation-dependent emission. As the
excitation wavelength increased from 380 to 600 nm, emission
wavelength increased from 470 to 650 nm with gradually
decreasing emission intensity. The CQDs were used as
photocatalysts for the degradation of methylene blue (MB)
under visible light. 99.5% of MB was degraded within 130 min.
The excellent photocatalytic performance was due to efficient
transfer and separation of photogenerated charge and good light-
harvesting capability. Besides, the CQDs were used as selective
sensors for Fe (III) and ascorbic acid (AA). The CQDs stopped
emitting fluorescence when they were bound to Fe (III) and began
to emit fluorescence again when AA was added. Accordingly,
Scheme 1 demonstrates the various types of CQDs Scheme 1A
Unmodified, Scheme 1B Modified and Scheme 1C Composite
Carbon Quantum Dots (CQDs).

4.2 Modified Carbon Quantum Dots (CQDs)
Chandrasekaran et al. prepared nitrogen-doped carbon dots
(N-CDs) from Coccinia grandis extract by a simple
hydrothermal method (Chandrasekaran et al, 2020).
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According to H-TEM results, N-CDs had spherical shapes with a
diameter of 3.3 nm. The EDS result demonstrated that N-CDs
had a composition of C (91.55%), N (2.12%), and O (5.48%). In
XRD results, the peak at 28.5° confirmed the existence of
amorphous carbon in N-CDs. N-CDs were used as catalysts
for the reduction of methyl orange (MO) with NaBH,. The
MO reduction rate constant was 0.1263 min~', which was
higher than that of using pure NaBH,.

Ramar et al. (2018) synthesized undoped carbon quantum
dots (UCQDs) and N-doped carbon quantum dots (NCQDs)
using Pomelo juice via a simple and eco-friendly hydrothermal
process. The Pomelo juice was held in a Teflon-lined autoclave at
200°C for 7 h and centrifuged for 30 min at 12,000 rpm to make
UCQDs. The Pomelo juice and ammonium bicarbonate were
held in a Teflon-lined autoclave at 200°C for 7 h and centrifuged
for 30 min at 12,000 rpm to make NCQDs. In the XRD results,
the peak at 22.4° and the peaks at 12.6° and 28.2° confirmed the
presence of amorphous carbon in UCQDs and NCQDs,
respectively. According to TEM results, UCQDs and NCQDs
had average diameters of 3 and 70 nm, respectively. The Raman
spectroscopy demonstrated that the D-band, corresponding to
disordered carbon, was shifted from 1,354 to 1,335 cm ™, and the
G-band, corresponding to graphitic carbon, was shifted from
1,571 to 1,563 cm™' when CQDs were N-doped. Both CQDs
acted as good photocatalysts for the degradation of methylene
blue (MB) under solar light, which followed pseudo-first-order
kinetics. CQDs showed brilliant photocatalytic performance
because they have high transfer efficiency of photoinduced
electrons and remarkable sunlight absorption abilities.

Rani et al. (2021) synthesized N-doped carbon quantum dots
(NCQDs) from empty fruit bunches (EFB) by a green
hydrothermal method. The lignin extracted from EFB, urea,
and deionized water was held in a Teflon-lined autoclave for
8h at 180°C and filtered with 20-25 um filter paper to make
NCQDs. The EDX result showed that the elemental composition
of NCQDs was 60.76, 9.01, 20.38, 5.92, and 3.93% for C, N, O, Na,
and Cl, respectively. According to the TEM analysis, the NCQDs
had diameters of 3.6 nm. The zeta potential of NCQDs was
-20.35 + 0.52mV, indicating that the NCQDs had a
negatively charged surface. With NCQDs, 97% of methylene
blue (MB) and 98% of malachite green (MG) were degraded
in 180 and 120 min under solar light. Without NCQDs, only 59%
of MB and MG were degraded. The excellent photocatalytic
activity of NCQDs was because of the separation of
photogenerated  charge and suppressed electron-hole
recombination. The photocatalytic activity of NCQDs was
superior to that of CQDs owing to the good fluorescent
properties gained from N-doping. The NCQDs could be used
at least ten times without significant performance decrease due to
their high stability.

Dhanush et al. prepared fluorescent phyto-derived nitrogen-
doped carbon dots (PDNCDs) from neem seeds using a green
hydrothermal method (Dhanush and Sethuraman, 2020). The
neem seeds and aqueous ammonia were held in an autoclave with
Teflon lining for 12 h at 180°C, filtered with Whatman 40 filter
paper, and centrifuged to make PDNCDs. According to H-TEM
results, PDNCDs had diameters of 2.5 nm. In the XRD result, the
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peak at 28.47° confirmed the existence of amorphous carbon in
PDNCDs. The Raman spectroscopic result showed a G-band at
1,606 cm ™', which represents a disordered band of carbon, and a
weaker D-band at 1,369 cm ™, which represents a graphitic band
of carbon. The properties of PDNCDs could be precisely tuned
using different solvents. PDNCDs were used as catalysts for the
reduction of Safranin-O dye with NaBH,. Safranin-O was
reduced in 6 min, which was better than that of pure NaBH,
and undoped CDs. The catalytic activity of PDNCDs came from
their ability to transfer electrons from NaBH, to Safranin-O.

Cheng et al. synthesized fluorescent nitrogen-doped carbon
quantum dots (N-CQDs) and chlorine-doped carbon quantum
dots (CI-CQDs) from aqua mesophase pitch (AMP) through a
hydrothermal process (Cheng et al., 2019). The AMP solution
was held in a polytetrafluoroethylene-lined autoclave at 120, 150,
and 180°C for 12, 24, and 48 h, respectively, and centrifuged for
10 min at 8,000 rpm to make CQDs. Then, the CQDs held at
120°C for 24 h (CQDs-120-24) and ammonia were kept for 12 h
at 120°C in the autoclave and kept for 0.5 h at 80°C in an open
space to make N-CQDs. CQDs-120-24 and thionyl chloride
went through the same procedure to make CI-CQDs. The
CQDs, N-CQDs, and CI-CQDs had diameters of 2.8, 4.5, and
42nm, respectively, according to the TEM results.
Furthermore, the PL results demonstrate that CQDs had a
quantum yield (QY) of 27.6%, while N-CQDs and Cl-CQDs
had lower quantum yields. In the H-TEM results of CQDs,
N-CQDs, and CI-CQDs, interlayer spacing was 0.33 nm,
corresponding to the (002) spacing of graphitic carbon. XPS
results demonstrated that the CQDs contained C and O;
N-CQDs contained C, N, and O; and Cl-CQDs contained C,
Cl, and O. The CQDs, N-CQDs, and Cl-CQDs were used as
photocatalysts for the degradation of rhodamine-B (Rh B),
methylene blue (MB), and indigo carmine (IC) under
sunlight. The N-CQDs exhibited the highest Rh B
degradation efficiency of 97% in 4h and a rate constant of
0.02463 min~". The degradation efficiency was maintained at
93% during five degradation cycles. The Cl-CQDs displayed the
highest MB and IC degradation efficiency of 56% and 60%,
respectively. The photocatalytic performances of N-CQDs and
Cl-CQDs were better than that of pristine CQDs because the
electric field was generated in N-CQDs and Cl-CQDs.

Bhati et al. prepared red-emitting-magnesium-nitrogen-
embedded carbon dots (r-Mg-N-CD) in an eco-friendly way
(Bhati et al., 2018). Bougainvillea leaves extract was carbonized
in a 1400 W microwave oven for 15min, sonicated, and
centrifuged for 30 min at 7,000 rpm to make r-Mg-N-CD. The
H-TEM results showed in (Figure 4) the graphitic fringes of r-Mg-
N-CD. According to the photoluminescence (PL) results, the

r-Mg-N-CD showed excitation-independent emissions at
~678 nm, a high quantum yield of ~40%, and high
photostability. According to XPS results, the elemental

composition of r-Mg-N-CD was 76.7, 11.4, 6.9, and 5.0% for C,
O, N, and Mg, respectively. The r-Mg-N-CD was used as a cheap
photocatalyst for aqueous phase photodegradation of a pollutant
dye, methylene blue (MB), under sunlight. The photodegradation
under sunlight was about six times faster than that under visible
light from the artificial tungsten bulb, which only took ~120 min.
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Woang et al. developed single cobalt atoms anchored carbon
dots (CoSAS@CD) (Wang et al., 2020). Vitamin B;, was held in a
quartz boat for 2 h at 250°C; was hydrolyzed with NaOH for 24 h
at 80°C; and went through filtration, dialysis for 3 days, and
freeze-drying to make CoSAS@CD. The TEM results showed that
CoSAS@CD were spheres with the size of 9.0 nm. According to
XRD results, the broad peak at 22° confirmed that CoSAS@CD
was slightly graphitic. XPS results revealed that the elemental
composition of CoOSAS@CD was 64.73, 9.05%, 22.03%, and 4.19%
for C, N, O, and Co, respectively. The photoluminescence (PL)
results demonstrated that CoSAS@CD exhibited the strongest
emission at 415 nm when the excitation wavelength was 300 nm.
The CoSAS@CD was used as a photocatalyst for thee oxidation
reactions under visible light irradiation. The CoSAS@CD
exhibited high oxygen evolution rate of 168 umol/h/g during
the water oxidation reaction, high conversion of ~90%, and high
selectivity over 99% in imine formation reaction and oxidation
degradation time of 10min against RhB. The excellent
photocatalytic activity of the CoOSAS@CD came from improved
visible light-harvesting ability and enhanced photoinduced
charge transfer and separation.

Zhu et al. fabricated S/Cl co-doped biomass-based CDs (Bio-
CDs) using palm powders through the hydrothermal process
(Zhu et al., 2020). Palm powders and thionyl chloride were held in
a Teflon-lined autoclave for 7 h at 200°C, filtered with a 0.22 pm
syringe filter, and went through dialysis for 2 days, with freeze-
drying to make Bio-CDs. According to the HTEM results, the
Bio-CDs were spherical, had diameters of 3.54 nm, and displayed
graphitic fringes. XPS result showed that the elemental
composition of Bio-CDs was 42.20%, 43.36%, 10.02%, and
43% for C, O, S, and Cl, respectively. According to
photoluminescence (PL) spectroscopy results, Bio-CDs showed
excitation-dependent blue fluorescence with the strongest
emission at 425nm when the excitation wavelength was
340 nm. The Bio-CDs were used as photocatalysts for the
degradation of rhodamine B (RhB) and methylene blue (MB)
under visible light irradiation. The Bio-CDs displayed high RhB
and MB degradation efficiency of ~71.7% and ~94.2%,
respectively. The excellent photocatalytic activity was due to
S/ClI co-doping and quantum confinement effect.

Mathew et al. fabricated carbon nano-dots (CD) and P-doped
carbon nano-dots (P-CD) from b-glucose anhydrous via
hydrothermal treatment (Mathew et al, 2020). Glucose was
held in an autoclave with Teflon lining for 6h at 150°C,
filtered, and centrifuged at 5,000 rpm to make CD. Glucose
and orthophosphoric acid were held in a Teflon-lined
autoclave for 6h at 110°C, neutralized with NaOH, filtered,
and centrifuged at 5,000 rpm to make P-CD. The HTEM
image showed that P-CD was quasi-spherical and had a radius
of 2.19 nm. According to XPS result, the elemental composition
of P-CD was 37%, 51.43%, 4.49%, and 7.08% for C, O, P, and Na,
respectively. The photoluminescence (PL) spectra showed that
P-CD exhibited the strongest emission at 524 nm at the excitation
wavelength of 420nm. The P-CD and CD were used as
photocatalysts for the degradation of methylene blue (MB)
under solar light. The P-CD and CD exhibited degradation
rate constants of 0.02736 and 0.01645 min~', which were
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much higher than the self-degradation rate constant of MB.
The P-CD degraded about 85% of MB in 180 min. The
enhanced photocatalytic activity of P-CD was due to the large
surface area coming from the small size of P-CD.

Peng et al. synthesized “B-doped” carbon dots (C-dots)
through a hydrothermal treatment (Peng et al, 2020). Citric
acid, 1, 2-diboranyethane, and anhydrous dimethylformamide
were held in a Teflon-lined autoclave for 6h at 160°C,
centrifuged at 3,000 rpm for 15min, and subjected to dialysis
for 3 days to make “B-doped” C-dots. In the TEM result, the
absence of noticeable lattices showed that the “B-doped” C-dots
were amorphous, not graphitic. The zeta potential of “B-doped”
C-dots was —11.6 mV, indicating that the “B-doped” C-dots were
negatively charged. According to photoluminescence (PL) results,
the “B-doped” C-dots exhibited excitation-dependent emission,
with the strongest emission at 450 nm when the excitation
wavelength was 360 nm. The XPS results confirmed that the
elemental composition of “B-doped” C-dots was 75.8%, 19.1%,
and 5.1% for C, O, and N, respectively. The “B-doped” C-dots were
used as photocatalysts for the degradation of rhodamine B (RhB)
and methylene blue (MB) under visible light irradiation. RhB and
MB were completely degraded in 170 min. The rate constants for
RhB and MB degradation were 1.8 x 107> and 2.4 x 10> min™".
The “B-doped” C-dots showed good photocatalytic activity, which
was better than other C-dots photocatalysts and comparable to
metal-containing photocatalysts.

Han et al. prepared carbon quantum dots (CQDs) by a simple
and scalable method (Han et al., 2020). Maltitol and hydrogen
peroxide were held in a glass petri dish for 20 min at 200°C and
centrifuged for 20min at 13,000rpm to make CQDs.
Phenylhydrazine (PH), HCl, CHCl;, and CQDs were stirred
for 36 h and filtered. Then, the precipitate was washed with
CHCIl; and dried at 40°C in a vacuum for 24 h to make CQDs
modified with PH (CQDs-PH). XPS result revealed that the
elemental composition of CQDs was 57.6% and 42.4% for C
and O, respectively. Raman spectroscopy confirmed the presence
of a D-band at 1,354cm™' and a G-band at 1,595cm™’,
corresponding to disordered graphitic carbons, respectively.
HTEM result demonstrated the presence of lattice fringes of
graphene in CQDs. According to photoluminescence (PL)
spectroscopy results, CQDs exhibited the strongest emission at
452 nm when the excitation wavelength was 360 nm. The CQDs/
peroxymonosulfate (PMS) system was used in the photo-
degradation of dyes under visible light irradiation and showed
good photocatalytic activity and high stability. The alkaline
condition was preferred in dye degradation because the
alkaline condition promoted the separation of charge. CQDs
modified with phenylhydrazine (CQDs-PH) displayed the
strongest photocatalytic PMS activation for methylene blue
(MB) degradation, showing a degradation time of ~5 min. By
radical quenching tests, the MB degradation mechanism was
revealed. Photogenerated electrons were reacted with PMS to
produce O, . Then, O, and photogenerated h* degraded MB.

4.3 Composite Carbon Dots
Tyagi et al. prepared water-soluble carbon quantum dots
(wsCQDs) from lemon peel via a simple and cheap
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hydrothermal method (Tyagi et al., 2016). The lemon peel was
held in a Teflon-lined autoclave for 12 h at 200°C, washed with
dichloromethane, centrifuged for 30 min at 10,000 rpm, and
dried at 100°C to make wsCQDs. According to TEM images,
the wsCQDs were spherical and had diameters of 1-3 nm. XPS
result demonstrated that the wsCQDs contained C and O. The
photoluminescence (PL) spectra showed that the wsCQDs had
photoluminescent properties with a quantum yield of ~14%. As
excitation wavelength increased from 300 to 540 nm, emission
wavelength also increased. The emission intensity was highest
when the excitation wavelength was 360 nm. The wsCQDs were
used as sensitive and selective fluorescent probes for Cr®" ions
and showed a detection limit of ~73 nM. Polyvinyl pyrrolidone
solution and titanium isopropoxide solution were mixed, made
into nanofibers with a syringe, and calcined in a muffle furnace
for 2 h at 500°C to make TiO, nanofibers. TiO, nanofibers were
functionalized with 6-aminohexanoic acid and were mixed with
wsCQDs solution to make TiO,-wsCQDs nanocomposite. TiO,-
wsCQDs nanocomposite was used as a photocatalyst for the
degradation of methylene blue (MB) under visible light. The
Ti0,-wsCQDs nanocomposite displayed degradation efficiency
that was about 2.5 times higher than that of TiO, nanofibers. The
photocatalytic performance was enhanced because wsCQDs
promoted charge separation.

Zhao et al. developed a carbon quantum dots/TiO, nanotubes
(CQDs/TNTs) nanocomposite by an enhanced hydrothermal
method by anchoring CQDs onto the outer surface of TNTs
(Zhao et al., 2018). TiO, nanoparticles and NaOH were held in a
Teflon-lined autoclave for 36 h at 135°C, treated with HCI, stirred
overnight, neutralized with DI water, and dried for 24 h at 80°C to
make TNTs. Citric acid and ethylene diamine were held in the
autoclave for 5 h at 150°C and subjected to dialysis for 2 days to
make CQDs. TNTs were dispersed in CQDs solution and stirred
for 24 h, centrifuged for 30 min at 10,000 rpm, and dried for 12 h
at 70°C to make CQDs/TNTs. HTEM image showed (101) plane
of TiO, and (100) plane of CQDs. Energy dispersive spectroscopy
(EDS) revealed that the elements weight of CQDs/TNTs was
20.3%, 63.31%, and 16.39% for Ti, O, and C, respectively. XRD
pattern of CQDs/TNTs exhibited characteristic peaks of TiO, at
25.1°, 28.2°, 39.39°, and 48.42°. The CQDs/TNTs nanocomposite
was used as a photocatalyst for the degradation of 30 mg/L
methylene blue (MB) under visible light irradiation. The
CQDs/TNTs-0.2 (0.2g of TNTs) showed the highest MB
degradation efficiency of 91.3% in 50 min, which was two
times higher than that of pristine TNTs. The photocatalytic
performance was improved because the up-conversion
photoluminescence (UCPL) properties of CQDs enabled more
efficient use of visible light. Furthermore, the photoinduced
electrons of TNTs were transferred to CQDs, and the
electron-hole recombination was delayed. The m-m stacking
between CQDs and dyes enhanced the adsorption ability of
the CQDs/TNTs nanocomposite.

Zhang et al. constructed a carbon quantum dots/nitrogen
doping TiO, (CDs/N-TiO,) nanocomposite (Zhang J. et al,
2020). Ascorbic acid and ethanol were held in a high-pressure
reactor for 3 h at 160°C to make CDs. The mixture of tetrabutyl
titanate, anhydrous ethanol, nitric acid, and urea was held in a
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high-pressure reactor at 240°C for 10h, dried at 110°C, and
calcined at 200°C for 6 h to make N-TiO,. N-TiO, and CDs
were stirred for 1 h, centrifuged, washed with distilled water, and
dried overnight at 90°C to make CDs/N-TiO,. The XRD pattern
of CDs/N-TiO, showed peaks at 25.3°, 37.8°, 48.0°, 53.9°,55.1°,
62.7°, and 75.0°, representing the (101), (004), (200), (105), (211),
(204), and (215) planes of anatase phase. HTEM images
confirmed the (101) plane of the anatase and (100) plane of
the graphene carbon. According to XPS results, the CDs/N-TiO,
contained C, O, N, and Ti. Photoluminescence (PL) spectra
revealed that 30CDs/N-TiO, exhibited the lowest PL intensity,
indicating the lowest recombination rate of charge carriers, which
are used for photocatalytic degradation. The CDs/N-TiO,
nanocomposite was used as a photocatalyst for the
degradation of 10 mg/L rhodamine B (RhB) under visible light
and the reduction of 20 mg/L Cr (VI) under sunlight. The 30CDs/
N-TiO, (30uL of CDs) nanocomposite displayed RhB
degradation efficiency of 99.8% in 5min, which was higher
than that of TiO, (6.66%) and N-TiO, (19.97%). The 30CDs/
N-TiO, nanocomposite exhibited kinetic constants of RhB
degradation 85.52 and 25.40 times higher than those of TiO,
and N-TiO,. With the 30CDs/N-TiO, nanocomposite, Cr (VI)
reduction took only 4 min. The photocatalytic activity was
enhanced because N doping shifted absorption range to visible
light range and made TiO, behave like a p-type semiconductor to
transfer photogenerated electrons to CDs more easily. Moreover,
CDs stored received electrons to promote the photo-induced
charge separation.

Vassalini et al. synthesized an active blend consisting of
carbon-based nanoparticles, alginate, and organic acids in an
eco-friendly way (Vassalini et al., 2020). Sodium alginate solution
was sonicated for 15 min and held in a digester at 200°C for
15 min to make the active blend. The photoluminescence (PL)
spectrum showed that the active blend emitted blue PL when the
excitation wavelength was 365nm. Raman spectroscopy
confirmed the presence of D-band at 1,370cm’’,
corresponding to disordered carbons, and G-band at
1,550 cm ™', corresponding to graphite carbons. TEM image
demonstrated that nanoparticles were successfully introduced
to the active blend. Sodium alginate, sodium citrate, and TiO,
nanopowder were sonicated for 30 min and added dropwise into
the mixture of CaCl,-2H,0, water, and ethanol to make TiO,
macro beads. The mixture of oxide beads and the active blend was
stirred for 1 h and dried in air overnight to make oxide beads
functionalized with the active blend. Alginate-based TiO, macro
beads, a photocatalyst for degradation of cationic pollutants,
functionalized ~with the active blend showed better
photocatalytic effect and adsorptive ability in mild conditions
than the oxide beads functionalized with each component of the
active blend or carbon dots prepared through energy-consuming
hydrothermal synthesis. Functionalized TiO, macro beads
showed methylene blue (MB) dye adsorption capability of 82%
and completely degraded MB in 30 min.

Ouyang et al. fabricated a nitrogen-doped carbon quantum
dots/TiO, (N-CDs/TiO,) composite from urea and tetrabutyl
titanate (TBT) through hydrothermal treatment (Ouyang et al.,
2020). The mixture of citric acid, urea, tetrabutyl titanate,
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FIGURE 4 | Different magnification (A) TEM image of r-Mg-N-CD and (B) its corresponding size distribution; (C) HRTEM image of r-Mg-N-CD and (D) zoomed
image of (C). (Reproduced with permission from Bhati et al., 2018, Copyright © 2018, American Chemical Society).
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ethylene glycol, and acetic acid was held in a Teflon-lined
autoclave for 24 h at 200°C, centrifuged, washed with distilled
water and ethanol, dried for 12 h at 60°C, and calcined for 1 h at
450°C in air to make N-CDs/TiO,. According to XRD results,
(110) and (101) crystal facets of rutile appeared as N-CDs content
increased. The SEM images showed that, as N-CDs content
increased, the morphology of the N-CDs/TiO, composite
changed from nano sphere agglomerations, honeycomb, to
empty spheres ((A) 4). The XPS result revealed that the
elemental composition of N-CDs/TiO,-6 (mass ratio of urea
to TBT = 6) was 71.96%, 2.6%, 18%, and 7.44% for C, N, O,
and Ti, respectively. The photoluminescence (PL) spectra
demonstrated that emission intensity decreased as N-CDs
content increased. The N-CDs/TiO, composite was used as a
photocatalyst for the degradation of rhodamine B (RhB) under
visible light. N-CDs/TiO,-1 degraded RhB in 120 min, which was
11.42 times better than pristine TiO,.

Li et al. prepared nitrogen and sulfur-containing carbon
quantum dots (NCQDs)/TiO, nanocomposites in a simple and
eco-friendly way by depositing NCQDs onto TiO, nanosheets (Li
et al., 2018). Citric acid and thiourea were transferred to a Teflon-
lined vial, heated in an 800 W microwave oven for 7 min, and
subjected to dialysis for 1 day to make NCQDs. The TiO, and
NCQDs solution was sonicated for 30 min, stirred for 12h at

80°C, washed with deionized water and ethanol, and lyophilized
overnight to make NCQDs/TiO,. XRD pattern of NCQDs/TiO,
nanocomposite showed (101) peak of anatase and (110) peak of
rutilee.  H-TEM  images revealed that NCQDs/TiO,
nanocomposite exhibited (101) crystal planes of anatase, (111)
crystal plane of rutile, and (101) plane of carbon. XPS result
demonstrated that NCQDs/TiO, nanocomposite contained C, O,
N, S, and Ti. According to photoluminescence (PL) spectra,
emission intensity decreased as NCQDs content increased. The
NCQDs/TiO, nanocomposite was used as a photocatalyst for the
photoreduction of CO, under simulated sunlight. The maximum
amounts of CH, and CO produced by the CO, photoreduction
using the nanocomposite in 1h were 0.769 and 1.153 pmol,
respectively, which were 7.79 and 7.61 times higher than those
using only TiO,. The nanocomposite showed improved
photocatalytic activity because NCQDs sensitized TiO, to have
enhanced light absorption.

Guo et al. prepared N and P co-doped carbon quantum dots
(NP-CQDs) by simple heat treatment (Guo et al., 2018). Citric
acid and phosphorylethanolamine were held in an autoclave with
Teflon lining for 12h at 200°C, centrifuged for 15min at
10,000 rpm, and subjected to dialysis in a cellulose ester
dialysis membrane for 1 day to make NP-CQDs. According to
the TEM image, NP-CQDs had an average size of 3.03 + 1.01 nm.

Frontiers in Chemistry | www.frontiersin.org

126 April 2022 | Volume 10 | Article 881495


https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Jung et al.

The XPS result demonstrated that NP-CQDs contained C, O, N,
and P. According to the photoluminescence (PL) spectroscopy,
when 365 nm light is illuminated, the NP-CQDs solution emitted
intense blue-green light with maxima at 475 nm. The NP-CQDs
displayed high stability in saline conditions, quantum yield of
8.45%, and brilliant photostability. The NP-CQDs were used as
sensitive and selective fluorescent probes for Fe**. The NP-CQDs
exhibited detection range from 0.05 to 200 uM. NP-CQDs and
titanium butoxide were held in a Teflon-lined autoclave for 1 day
at 160°C, centrifuged, washed with ethanol and water, and dried
for 1 day at 60°C to make NP-CQDs/TiO, nanocomposite. The
NP-CQDs/TiO, nanocomposite was used as a photocatalyst for
the degradation of methylene blue (MB) under simulated solar
light. The NP-CQDs/TiO, nanocomposite had a degradation
time of 15 min, which was shorter than pristine TiO..

Midya et al. constructed titania nanoparticles (TiO, NPs) and
carbon dots (CDs) deposited polyvinyl imidazole cross-linked
chitosan (cI-Ch-p (VI)/TiO,NPs-CDs) (Midya et al., 2020). The
mixture of chitosan, acetic acid, potassium persulphate, 1-
vinylimidazole, and diurethane dimethacrylate was held in a
600 W microwave oven for 2min at 75°C to make cl-Ch-p
(VI). The cl-Ch-p (VI) and titanium isopropoxide solution
was held in the 750 W microwave oven for 2 min at 75°C to
make cl-Ch-p (VI)/TiO,NPs. The reaction mixture and sugar
cane juice solution were treated with microwave for 4 min,
precipitated using acetone, filtered using vacuum filtration,
washed with acetone, and dried under vacuum at 50°C to
make cl-Ch-p (VI)/TiO,NPs-CDs. XRD pattern of cl-Ch-p
(VI)/TiO,NPs-CDs showed a peak at 24.1°, corresponding to
(002) plane of carbon and (101) plane of anatase TiO,, and peaks
at 37.5°, 47.7°, 53.9°, 62.6°, and 74.5°, corresponding to (004),
(200), (105), (204), and (215) planes of crystalline TiO, NPs,
respectively. TEM image revealed that CDs and TiO, NPs were
introduced to the polymer matrix. XPS result demonstrated that
cl-Ch-p (VI)/TiO,NPs-CDs contained C, N, O, and Ti. The cl-
Ch-p (VI)/TiO,NPs-CDs nanocomposite was used as a
photocatalyst for the degradation of organic materials under
solar light. The cl-Ch-p (VI)/TiO,NPs-CDs nanocomposite
showed degradation efficiency of ~98.6%, ~95.8%, and ~98.2%
for 2,4-dichlorophenol, reactive blue 4, and reactive red 15,
respectively, which were better than those of cl-Ch-p (VI)/
TiO,NPs and cl-Ch-p (VI)/CDs composites. The improved
photocatalytic activity was due to the synergistic effects of
CDs and TiO, NPs and narrowed band gap.

Zhu et al. prepared a multiplecore@shells clustered carbon
dots  (CDs)/TiO,(P25)/reduced  graphene oxide (rGO)
nanocomposite through a simple hydrothermal process (Zhu
W. et al,, 2021). Citric acid and aphen were held in a Teflon-
lined autoclave for 7 h at 200°C, centrifuged, dialyzed for 3 days,
and subjected to freeze-drying under vacuum to make CDs. The
mixture of P25, GO, and CDs solution was stirred for 12 h, held in
the autoclave for 3 h at 120°C, washed with deionized water and
absolute ethanol, and dried at 60°C overnight to make CDs/P25/
rGO. XRD pattern of CDs/P25/rGO showed peaks at 25.3° and
27.5°, corresponding to (101) plane of anatase P25 and (110)
plane of rutile P25 and a broad peak at 24.5°, indicating an intense
interface interaction between components of CDs/P25/rGO.

Carbon Quantum Dots Based Photocatalysis

HTEM image of CDs/P25/rGO exhibited the (101) plane of
P25. According to photoluminescence (PL) spectra, CDs/P25/
rGO displayed a strong excitation-independent emission at
430 nm and a weak emission at 630 nm when the excitation
wavelength was below 400 nm. EDS result revealed that the
elemental composition of CDs/P25/rGO was 5.17%, 0.73%,
62.86%, and 31.24% for C, N, O, and Ti, respectively. Raman
spectroscopy demonstrated D- and G-band at ~1,361 and
~1,601 cm™', corresponding to disordered/defective and
graphitic ~ carbons,  respectively. = The  CDs/P25/rGO
nanocomposite was used as a high stability photocatalyst for
the degradation of rhodamine-B (RhB), methylene blue (MB),
and methyl orange (MO), and antibacterial performance under
visible light. The 2% CDs/0.5% rGO/P25 composite showed the
best photocatalytic activity. The rate constant of 2% CDs/0.5%
rGO/P25 for Rh-B degradation was 29, 2.8, and 1.3 times higher
than that of P25, rGO/P25, and CDs/P25, respectively. The CDs/
P25/rGO nanocomposite displayed enhanced photocatalytic
activity because CDs improved visible light-harvesting ability
and promoted photogenerated charge separation.

Ratnayake et al. synthesized carbon-quantum-dot-decorated
ZrO, nanoparticles (CQDZ) by a simple method (Ratnayake
et al., 2019). The colloids formed in the mixture of ZrOCl,-8H,0
and ammonia were calcined for 4h at 800°C to make ZrO,
nanoparticles. Ammonium citrate was held in a petri dish for
3h at 180°C to make CQDs. Suspension of CQDs in absolute
ethanol and 40 nm sized ZrO, nanoparticles were mixed under
sonication for 5min and dried in air overnight to synthesize
CQDZ. The TEM results showed that ZrO, nanoparticles were
mostly spherical with some rod-like particles. They also
demonstrated that spherical CQDs were successfully adsorbed
to ZrO, nanoparticles. According to the XRD pattern, CQDZ
exhibited peaks at 24.32°, 28.30°, and 34.52°, corresponding to
(110), (020), and (120) planes of ZrO, nanoparticles. The Raman
spectrum of CQDZ confirmed the presence of G- and D-bands at
1,550 and 1,356 cm™', corresponding to graphitic carbon and
disordered carbon, respectively. CQDZ was used as a
photocatalyst for the elimination of a dye, methylene blue
(MB), in water under UV light. Using CQDZ, 95% of MB was
eliminated after 1 h. Using pristine ZrO, nanoparticles, however,
only 34% of MB was eliminated after 1h. The enhanced
photocatalytic activity of CQDZ might be due to the CQDs
effect of slowing down the electron-hole recombination.

Patra et al. prepared carbon dots_BaZrO; s (CDs_BZO)
hybrid nanomaterials by loading CDs on BZO hollow
nanospheres, which were both hydrothermally synthesized
(Patra et al., 2018). Citric acid and ethylene diamine were held
in a jacket for 5h at 200°C, filtered with a 0.4 um syringe filter,
dialyzed with a dialysis bag against Milli-Q water for 1 day, and
dried overnight at 80°C to make CDs. KOH, BaCl,-2H,0, and
ZrOCl,-8H,0 were held in an autoclave for 24h at 200°C;
centrifuged; washed with water, dilute acetic acid, and ethanol;
and dried overnight in an electric oven at 100°C to make BZO.
CDs and BZO were dispersed in ethanol for 2h at 45°C by
sonication to make CDs-BZO. Raman spectroscopy results
exhibited D-band and G-band at 1,325 and 1,548 cm™’,
corresponding to disordered carbon and graphitic carbon,
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et al., 2018, American Chemical Society).

FIGURE 5 | Field-emission transmission electron microscopic image of (A) BZO hollow nanospheres and (B) high-resolution transmission electron microscopic
image of BZO hollow spheres. The inset to (C) is the fast Fourier transformed image of the highlighted portion inimage (B), (C) shows the inverse fast Fourier transformed
image of the masked fast Fourier transformed image shown in the inset to (C), (D) shows the selected area electron dispersion patterns of BZO. (Reproduced from Patra

respectively. According to the photoluminescence (PL) spectrum,
CDs_BZO displayed a strong emission at 460 nm when the
excitation wavelength was 340nm. The FETEM images
revealed that BZO were hollow spheres, and CDs were
spheres with diameters of ~2-7 nm shown in Figure 5. XPS
result demonstrated that CDs_BZO contained C, N, O, Ba, and
Zr. The CDs_BZO hybrid nanomaterial was used as a
photocatalyst for H, generation and methylene blue (MB)
dye degradation under UV-visible light. The CDs_BZO with
3 wt% CDs had the highest hydrogen generation efficiency of
670 umol/h/g with apparent quantum yield (AQY) of ~4%,
which was higher than AQY of BZO (~2%). It also showed the
highest MB degradation efficiency of ~90%. Here, the defect
states and oxygen vacancies generated by hydrothermal
synthesis enable visible light absorption of the
photocatalyst, and CDs improve the light absorption of the
photocatalyst.

Ni et al. synthesized nitrogen and iron co-doped carbon dots/
gear-shaped WO; (N,Fe-CDs/G-WQ3;) composite by simple
hydrothermal synthesis (Ni et al, 2020). Na,WO42H,0
solution was held in a Teflon-lined autoclave for 12h at
180°C, washed with deionized water and ethanol, and dried for
6h in an oven at 80°C to make G-WOs;. Folic acid and
FeCl;-6H,O were held in the autoclave for 4h at 200°C,
filtered with 0.22um aqueous microporous membranes,
dialyzed for 6 h, and subjected to freeze-drying to make N,Fe-
CDs. N,Fe-CDs and G-WOQ; were held in the autoclave for 8 h
at 190°C, centrifuged, and dried at 80°C to make the N,Fe-CDs/

G-WO; composite in Scheme 2. SEM and TEM images of
G-WO; showed in Figures 6A-F the 3-D gear-like structure
consisting of a plate with many protruding nanorods on its
surface. The particle diameters was N-Fe-CDs ranged from 3.5
to 13.5 nm, with an average diameter of 6.5 nm. HTEM images
showed that G-WOj; exhibited lattice fringe with a lattice spacing
of 0.39 nm and N,Fe-CDs exhibited lattice fringe with a lattice
spacing of 0.32nm. The XRD pattern of N,Fe-CDs/G-WOj;
revealed peaks at 13.8°, 22.6°, 28.0°, 36.3°, and 49.7,
corresponding to the hexagonal crystalline phase of G-WOs.
XPS result demonstrated that N,Fe-CDs/G-WO; contained C,
N, O, W, and Fe. According to the photoluminescence (PL)
spectrum, PL intensity of N,Fe-CDs/G-WO; was reduced after
loading of N,Fe-CDs. The N,Fe-CDs/G-WO; composite was used
as a photocatalyst for degradation of rhodamine B (RhB) under
UV-vis-NIR light. 81.4%, 97.1%, and 75% of RhB were degraded
in 2 h under UV, visible, and NIR light, respectively, which were
better than those of commercial WO3;, G-WQ3, and N-CDs/G-
WO; composites. The composite was also used for the
degradation of methylene blue (MB), ciprofloxacin (CIP),
tetracycline hydrochloride (TCH), and oxytetracycline (OTC)
under visible light. 91.1%, 70.5%, 54.5%, and 47.8% of respective
materials were degraded in 3 h. According to the radical trapping
experiments, the conversion between Fe (III) and Fe (II) is the
most important factor in photocatalysis. The photocatalytic
activity was improved because N,Fe-CDs enhanced light
absorption ability, and the gear shape of the WO; increased
light reflections.
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FIGURE 6 | SEM and TEM of N,Fe-CDs; N,Fe-CDs/G-WO3-0.6 composite. (A,B) SEM of N,Fe-CDs/G-WO3-0.6; (C) TEM of N,Fe-CDs with the inset for the size
distribution; (D) TEM of N,Fe-CDs/G-WO3-0.6; (E,F) HRTEM of N,Fe-CDs/G-WO3-0.6. (Reproduced from Ni et al., 2020, MDPI).
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SCHEME 2 | A schematic illustration of the fabrication of the gear-shaped WO3 (G-WO3) and N, Fe-CDs/G-WO3. (Reproduced from Ni et al., 2020, MDPI).

Jamila et al. constructed a WO;/graphene oxide/N-doped
carbon quantum dots (WO;/GO/NCQDs) composite by
introducing NCQDs to GO modified WO; nanosheets (Jamila
et al., 2020a). Graphite powder, sodium nitrate, concentrated
sulfuric acid, potassium permanganate, and H,O, were stirred
with a magnetic stirrer, filtered, washed with HCI, centrifuged,
and dried at 60°C in an oven to make GO. Sodium tungstate and
nitric acid were mixed under magnetic stirring for 10 min, kept
for 6 h at 40°C, washed using distilled water and ethanol, dried at

60°C, and calcined for 4 h at 600°C to make WQOj;. Citric acid and
urea were held in a Teflon-lined autoclave for 4 h at 160°C and
NCQDs. TEM image revealed that GO and NCQDs were fixed on
WO; nanosheets. EDAX result demonstrated that the elemental
composition of WO3/GO/NCQDs was 9.50, 43.03, 30.04, and
17.43% for W, O, C, and N, respectively. Photoluminescence (PL)
intensity of WO3;/GO/NCQDs decreased when NCQDs content
increased. According to Raman spectroscopy, WO3/GO/NCQDs
displayed D- and G-band at 1,435 and 1,575 cm ™", corresponding
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FIGURE 7 | (A) TEM and (B) HR-TEM images of Pd@CD-CONH and (C) histogram. (Reproduced from Selim et al., 2020, American Chemical Society).

to disordered carbon and graphitic carbon, respectively. The
WO5/GO/NCQDs composite was used as a photocatalyst for
the degradation of methyl orange (MO) under visible light
irradiation. The WO3/GO/NCQDs composite with 1.5 ml
NCQDs showed the best degradation efficiency of 86%. The
WO;/GO/NCQDs composite exhibited better photocatalytic
activity than WO;/GO  composite and WO;. The
photocatalytic effect was improved because NCQDs extended
the absorption region to the visible light region, increased active
sites, and promoted charge separation.

Velumani et al. constructed carbon quantum dots supported
ZnO hollow spheres (ZnO/C-dots) by a solvothermal process
(Velumani et al., 2020). Glucose and urea were added to 250°C
copra oil, and the mixture was stirred for 3 min. Chloroform
was added to the solution, and the upper oil layer was removed
by a separation funnel to make C-dots. Zinc acetate dihydrate,
urea, polyethylene glycol-400, and C-dots solution were
magnetically stirred at room temperature for 90 min, held
in a Teflon-lined autoclave for 15h at 180°C, centrifuged,
washed with ethanol and deionized water, and dried at 80°C
in an oven for 12h to make ZnO/C-dots. The
photoluminescence (PL) spectra showed that ZnO/C-dots
exhibited the strongest emission when the excitation
wavelength was 345nm. PXRD pattern of ZnO/C-dots
revealed peaks at 31.8°, 34.4°, 36.3°, 47.5°, 56.6°, 62.9°, and
68.0° corresponding to (100), (002), (101), (102), (110), (103),
and (112) planes of ZnO, respectively. According to the TEM
result, ZnO/C-dots were spheres with the size of 500 nm. The
ZnO/C-dots nanocomposite was used as a photocatalyst for
the degradation of methylene blue (MB) under UV-vis light.
Using the ZnO/C-dots nanocomposite, 96% of MB was
degraded in 30 min. However, using pristine ZnO, only 63%
of MB was degraded in 30 min. The photocatalytic effect was
improved because C-dots slowed down the photogenerated
electron-hole pairs’ recombination rate and enhanced visible
light absorption. The nanocomposite could be used for five
cycles, showing high stability.

Omer et al. prepared a ZnO-phosphorous and nitrogen co-
doped carbon quantum dots (CDs) nanocomposite in an eco-
friendly way (Omer et al, 2018). Zn(CH;COO),-2H,0 in
methanol was adjusted to pH 8 using NaOH, held in a
Teflon-lined autoclave for 6 h at 200°C, washed with methanol,

filtered, and dried at 60°C in an oven to make the ZnO
nanoparticles. Grounded coffee and concentrated phosphoric
acid were kept in a water bath for 30 min at 90-95°C, filtered,
centrifuged for 30 min at 14,000 rpm, adjusted to pH 1-3, and
dialyzed with dialysis membrane for 5 h to make CDs. ZnO and
CDs were stirred for 2 h to make the ZnO-CDs nanocomposite.
The TEM result showed that CDs and ZnO had diameters of
3-4nm and 15-20nm. The XRD pattern of ZnO-CDs
nanocomposite displayed characteristic peaks of both ZnO
and CDs. According to the XPS result, CDs contained C, O,
N, and P.

The excitation-independent fluorescence of CDs centered
around 480 nm was confirmed by fluorescence spectrum. The
ZnO-CDs nanocomposite was used as a photocatalyst for the
degradation of organic materials under energy-efficient weak
LED light (visible-NIR light) irradiation. The ZnO-CDs
nanocomposite exhibited methylene blue (MB) degradation
efficiency of 80% in 10 h, which was much higher than that of
pristine ZnO (10%). The photocatalytic activity was enhanced
because CDs promoted photogenerated charge separation and
transfer, and CDs’ up-conversion properties improved light
absorption.

El-Shamy et al. developed a carbon quantum dots/zinc
peroxide (Cpes/Zn0O,) composite by introducing Cpe to
ZnO, nanoparticles (El-Shamy A.g., 2020). p-Glucose solution
was heated in a 500 W microwave oven for 7 min and centrifuged
to make Cp,g. Zinc acetate solution, 30% H,0,, NaOH, and
ethanol were heated in a 400 W microwave oven for 3h, filtered,
washed using DI water, and dried at 60°C in an oven overnight to
make ZnO,. The mixture of Cp solution and ZnO, solution was
stirred for 30 min at room temperature, centrifuged, washed
using ethanol, and air-dried to make Cpu/ZnO, composite.
The XRD result of Cpa/ZnO, composite showed a hump at
23%, corresponding to the (002) plane of graphitic carbon, and
peaks corresponding to (111), (200), (220), and (311) planes of
crystalline ZnO,. The TEM image of Cpe/ZnO, composite
revealed the (110) plane of graphitic Cpys and (111) plane of
ZnO,. The energy dispersive spectroscopy (EDS) result
demonstrated that Cpy/ZnO, composite contained C, O, and
Zn. According to the up-conversion photoluminescence (PL)
spectra, Cpys absorb NIR light and emit light with a shorter
wavelength. The Cpy/ZnO, composite was used as a
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photocatalyst for the degradation of methyl orange (MO),
methylene blue (MB), and rhodamine B (RhB) under UV-A
light irradiation. The Cpo/ZnO, composite exhibited better
degradation efficiencies for MO (91 + 2% in 60 min), MB
(99 + 1% in 50 min), and RhB (99 + 1% in 80 min) than
Zn0,, TiO,, and Cpe/TiO, due to promoted charge
separation by Cpo and ZnO,, electron capturing and up-
conversion photoluminescence by Cpe, and the Cpo/ZnO,
structure advantageous to charge transfer and separation. The
Cpots/Zn0O, composite could be used five times without any
decrease in photocatalytic performance.

El-Shamy et al. developed polyvinyl alcohol/carbon dot-
decorated zinc peroxide (PVA/CZnO,) films by introducing
CZnO, to PVA (El-Shamy A. G., 2020). The microwave
irradiation method was used to make carbon dots. The
mixture of Zn(CH5;COO),-2H,0, triple-distilled water, H,O,,
NaOH, and ethanol was held in a 400 W microwave oven for
3 h at 180°C, filtered, washed with water, and dried for 1 day at
60°C in an oven to make ZnO,. ZnO, solution and carbon dot
solution were mechanically stirred for 1h, centrifuged, filtered,
washed with ethanol, and dried in air to make CZnO,. PVA and
triple-distilled water were stirred at 67 + 3°C for 2 h, transferred to
glass dishes, and air-dried for 3 days at ambient temperature to
make PVA. CZnO, was dispersed in PV A solution, transferred to
glass dishes, and air-dried for 3 days to make PVA/CZnO,. XRD
pattern of PVA/CZnO, exhibited a peak at 19.5° for (101) plane of
PVA and peaks of ZnO,. FE-SEM images showed that CZnO,
particles were uniformly dispersed on PVA matrix.

According to Brunauer-Emmett-Teller (BET) analysis, the
PVA/CZnO, nanocomposite had a large surface area of
241.04m*g ', larger than the PVA/ZnO, nanocomposite
(167.17 m* g’l). The PVA/CZnO, nanocomposite with 4 wt%
CZnO, exhibited an adsorption capacity of 1,972 + 40 mg/g
against methylene blue (MB), which was higher than that of
the PVA/ZnO, nanocomposite with 4 wt% ZnO, (1,831 + 20 mg/
g). At pH = 6, room temperature, with low ionic strength, 40 mg
of PVA/CZnO, nanocomposite eliminated 98% of 2,000 mg/L
MB in 60 min. The enhanced adsorption ability came from
improved electrical conductivity, crystallinity, pore size, and
mechanical properties. A solution with pH = 1 removed 75%
of MB from the nanocomposite, and the nanocomposite could be
used five times with only a slight decrease in adsorption
efficiency (~2%).

El-Shamy et al. constructed polyvinyl alcohol/carbon
quantum dots (PVA/CQDs) nanocomposite films using the
solution casting method (El-Shamy and Zayied, 2020). PVA
and bi-distilled water were mechanically stirred at 65 + 3°C
for 2 h, transferred to a petri-dish, and air-dried for 3 days to
make PVA films. The mixture of D-glucose, acetone, and bi-
distilled water was heated in a 700 W microwave oven for 13 min
and centrifuged to make CQDs. The mixture of PVA solution and
CQDs solution was mechanically stirred and dried for 3 days at
ambient temperature to make PVA/CQDs. XRD pattern of PVA/
CQDs showed a broad peak at 19.5°, corresponding to the
crystalline part of semi-crystalline PVA. According to
photoluminescence (PL) spectra, as CQDs content increased,
PL intensity increased and PL peak exhibited red shift

Carbon Quantum Dots Based Photocatalysis

behavior. FE-SEM images revealed that, as CQDs content
increased, the surface area of PVA/CQDs increased. The PVA/
CQDs nanocomposite films were used for the elimination of
methylene blue (MB) from waste water by adsorption at room
temperature. The 80 mg of (PVA/CQDs 2 wt%) film eliminated
97 + 1% of 30 mg/L MB in 40 min at pH = 12. In the basic
environment, -OH groups in PVA and -OH groups or -COOH
groups in CQDs were ionized, making the composite surface
more negatively charged. This made the composite more easily
adsorb cationic MB. The PVA/CQDs nanocomposite films could
be used five times after ethanol treatment without any
photocatalytic activity decrease.

Nayak et al. fabricated carbon quantum dots cross-linked
polyvinyl pyrrolidone (PVP-CD) hydrogels (Nayak et al,
2020). Lemon juice and cysteamine were evaporated in a
beaker at 90°C, held in a Teflon-lined autoclave for 6h at
150°C, diluted with water, centrifuged at 10,000 rpm, and
filtered by a 0.2 um syringe filter to make CD. PVP was
treated with NaOH under reflux condition at 140°C for 2 days,
further treated with formaldehyde for 1 h at 0°C and pH 9, finally
treated with NaBH, under stirring at ambient temperature for
1.5 h, and dialyzed for 6 h to make carboxylate-PVP. The mixture
of carboxylate-PVP, EDC, MES buffer, and NHS was dialyzed
with water for 18 h, concentrated at 60°C in a vacuum, treated
with water, and held in an air oven at 75°C to make PVP-CD. For
PVP-CD, storage modulus was higher than loss modulus,
indicating the elasticity of PVP-CD. PVP-CD emitted blue
fluorescence when UV light was illuminated. The SEM image
showed that cross-linking with CD has increased the surface area
of PVP-CD. 50 mg of PVP-CD hydrogel adsorbed ~2mg of
malachite green (MG), crystal violet (CV), and eosin Y in
12 h, which followed pseudo-second-order kinetics. The good
adsorptive ability came from hydrogen bonding, inductive effect,
and - interaction of both CD and the PVP backbone. The PVP-
CD hydrogel also showed excellent photodegradative capability
of dyes under solar light by degrading them in 30 min, which
followed pseudo-first-order kinetics. The PVP-CD hydrogel
killed gram-positive and gram-negative bacteria in 10 min
under solar light. The degradation of dyes and bacterial
elimination were all carried out by reactive oxygen species
generated from CD. The PVP-CD hydrogel could be used four
times when washed with dilute acid.

Gong et al. fabricated carbon quantum dots (CDs) from wood
powder via hydrothermal process (Gong et al, 2019). The
mixture of wood powder, citric acid, ethanediamine, and
deionized water was sonicated for 20 min, magnetically stirred
for 30 min, held in a Teflon-lined autoclave for 6h at 200°C,
vacuum-filtrated, heated for 12h at 30°C, washed using
anhydrous ethanol, dried for 12h at 30°C, dissolved in
deionized water, and filtrated with membrane to make CDs.
The XPS result showed that CDs contained C, O, and N. The
CDs were environment-friendly, nontoxic, and water-soluble.
According to photoluminescence (PL) spectra, the CDs
solution emitted blue light under UV light irradiation with a
quantum yield of 47.4%. Furthermore, the CDs solution was used
as a fluorescent stamp-pad and pen ink, showing its possibility in
anti-counterfeit applications. The mixture of cerium nitrate,
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FIGURE 8 | (A) TEM images of PdA@CD-CONH, (B) EDAX mapping of some areas of the catalyst, (C) C, (D) O, (E) N, and (F) Pd. (Reproduced from Selim et al.,

2020, American Chemical Society).
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deionized water, and dilute ammonia was held in an autoclave for
4h at 150°C, centrifuged for 5min at 8,000 rpm, washed by
ethanol and deionized water, dried for 1 day at 80°C, and
calcined for 4h at 450°C to make CeO,. CDs solution, CeO,
powder, and deionized were magnetically stirred for 10h,
centrifuged, washed by ethanol and water, and dried for 12h
at 90°C to make CDs/CeO, composite. The HTEM image
revealed that CDs were successfully incorporated into CDs/
CeO, composite. The XRD patterns demonstrated peaks at
28.5, 33.2, 47.5, 56.3, and 59.1° corresponding to <111>,
<200>, <220>, <311>, and <400> planes of cubic fluorite
CeO,. Raman spectroscopy showed an F2g mode of fluorite
phase at 430 cm™', a D-band at 1,410 cm™', corresponding to
lattice defect of carbon, and a G-band at 1,580 cm ',
corresponding to graphitic carbon. CDs/CeO, composite was
used as a photocatalyst for the degradation of methylene blue
(MB) under visible light. The reaction constant of CDs/CeO,
composite was much higher than that of CeO.,.

Jamila et al. prepared copper oxide/N-doped carbon quantum
dots (CuO/NCQDs) by introducing NCQDs into CuO
nanoleaves (Jamila et al, 2020b). Copper nitrate, distilled
water, and NaOH were stirred, washed with distilled water,
centrifuged, dried at 60°C, and calcined for 2h at 500°C to
make CuO. Citric acid, deionized water, and urea were held in
an autoclave for 4h at 180°C and centrifuged for 10 min at
4,000 rpm to make NCQDs. CuO, distilled water, and NCQDs
were magnetically stirred and dried at 60°C in an oven to make

CuO/NCQDs. XRD pattern of CuO/NCQDs exhibited peaks at
32.3°, 35.2°, 38.3%, 48.8°, 53.2°, 57.9°, 61.3°, 66.0°, 67.9°, and 75.2°
corresponding to (110), (111), (111), (202), (020), (202), (113),
(022), (220), and (203) planes of CuO and a broad carbon peak
around 30°. According to the TEM image of CuO/NCQDs,
NCQDs were dispersed on slightly distorted CuO nanoleaves.
The EDAX result demonstrated that the elemental composition
of CuO/NCQDs was 34.31%, 50.45%, 6.22%, and 9.02% for Cu,
O, C, and N, respectively. According to PL results, the CuO/
NCQDs had lower photoluminescence intensity than CuO,
showing decreased electron-hole recombination. The CuO/
NCQDs were used as a photocatalyst for the degradation of
methyl orange (MO) under sunlight. The CuO/NCQDs with
1.5’'ml of NCQDs displayed the highest degradation efficiency
(92.0%). The CuO/NCQDs exhibited better degradation
efficiency than pristine CuO because NCQDs increased charge
separation efficiency and visible light-harvesting capacity.

Qu et al. fabricated a carbon quantum dots (CQDs)/KNbO;
composite in mixed-calcination and hydrothermal routes by
anchoring CQDs on KNbO; (Qu et al,, 2018). The mixture of
distilled water, Nb,Os, and KOH was held in a Teflon-lined
autoclave for 12 h at 160°C, washed by ethanol and distilled water,
dried overnight at 80°C, and calcined for 1 h at 400°C to make
KNDbOj particles. The mixture of triple-distilled water, L-ascorbic
acid, and glycol was held in the autoclave for 70 min at 160°C to
make CQDs. KNbO; particles were dispersed in CQDs solution,
stirred for 30 min at ambient temperature, and dried for 8 h at
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FIGURE 9| (A) Transmission electron microscopy (TEM) image, X-ray diffraction (XRD) pattern (shown as the red overlay at the top portion of the panel) and energy-
dispersive X-ray (EDX) spectrum (shown as the red overlay at the bottom portion of the panel) of Au/CQDs composites; (B) high-resolution transmission electron
microscopy (HTEM) image of Au/CQDs composites. (Reproduced with permission from Liu et al., 2014, Copyright © 2014 American Chemical Society).

80°C to make CQDs/KNbO; composite. According to
photoluminescence (PL) spectra, when excitation wavelength
was 400-500 nm, CQDs exhibited down-conversion PL. When
excitation wavelength was 500-600 nm, CQDs exhibited up-
conversion PL. The TEM result showed that CQDs were well
dispersed on the surface of KNbO; particles. EDX result revealed
that the elemental composition of CQDs/KNbO; composite was
19.40%, 23.26%, 21.89%, and 35.45% for C, Nb, K, and O,
respectively. The CQDs/KNbO; composite was used as a
photocatalyst for the degradation of crystal violet dye and
hydrogen evolution under visible light. When the mass ratio
was CQDs: KNbOj; = 1.5:0.5, the dye degradation efficiency and
hydrogen evolution rate were 70.00% and 468.72 umol/h/g,
which were higher than those of pristine KNbO; (41.50%
and 245.52 umol/h/g). The photocatalytic performance was
enhanced because CQDs converted visible light to UV light,
which could activate KNbOs3, and captured electrons to help the
separation of electron-hole pairs. The CQDs/KNbO; composite
could be used four times without a significant decrease in
performance.

Selim et al. synthesized a Pd-doped hybrid nanocatalyst
(Pd@CD-CONH) by cross-linking carbon dots (CDs) with
benzene-1,4-diamine (BDA) and doping the resulting polymer
with palladium nanoparticles (Pd NPs) (Selim et al., 2020). The
mixture of CD-COCI, dry THF, Et;N, and BDA was dried at 40°C
under vacuum; transferred to a sintered funnel; washed with water,
hexane, and diethyl ether; dissolved in methanol, and dried again at
40°C under vacuum to make CD-CONH. The mixture of CD-
CONH, ethanol, and PdCl, was dried at 40°C under vacuum,
transferred to a sintered funnel, washed with water, and dried for
12h at 60°C in a vacuum oven to make Pd@CD-CONH. The
PXRD patterns showed peaks corresponding to (100), (111), (200),
(220), (311), and (222) planes of Pd NPs. According to the HTEM
result, Pd@CD-CONH exhibited lattice fringes of the (111) plane

(Figure 7). The Pd peak is observed in the EDX mapping of Pd@
CDCONH along with C, N, and O, indicated that the Pd NPs have
been clearly homogeneously distributed throughout the entire CD
polymer (Figure 8). The XPS result revealed that PdA@CD-CONH
contained C, N, and Pd. The Pd@CD-CONH was used as a
recyclable sonocatalyst for degrading rhodamine B dye in water
without using any light. With PdA@CD-CONH, 99% of rhodamine
B dye was degraded in 5 min in dark, which was faster than other
catalysts. Mechanistic studies indicate that reactive oxygen species
(ROS) produced with the help of CDs and Pd NPs enhance the
sonocatalytic effect.

He et al. synthesized a MIL-53(Fe)/carbon quantum dots/
noble metal (MIL-53(Fe)/CQDs/MNPs) photocatalyst in a
simple way (He et al., 2021). The mixture of water, MIL-
53(Fe), and CQDs was stirred for 10min at 500 rpm,
centrifuged, washed, and dried in a vacuum for 1 day at 60°C
to make MIL-53(Fe)/CQDs. HAuCly,, AgNO3, or H,PdCl, was
added to the mixture of water, ethanol, and MIL-53(Fe)/CQDs,
illuminated with 300 W xenon lamp for 60° min, treated with N,
washed with ethanol, and blow-dried by N, to make MIL-53(Fe)/
CQDs/MNPs. The zeta potential of CQDs (-14.8'mV) indicated
a negative charge, and the zeta potential of MIL-53(Fe) (4.6 mV)
indicated a positive charge. Therefore, CQDs and MIL-53(Fe)
were combined readily by electrostatic attraction. XRD pattern of
MIL-53(Fe)/CQDs/Au showed peaks corresponding to MIL-
53(Fe), a weak peak at 26° corresponding to carbon, and a
weak peak at 38.1° corresponding to (111) crystal planes of
Au. TEM images revealed that noble metal particles were
dispersed on MIL-53(Fe)/CQDs. XPS result demonstrated that
MIL-53(Fe)/CQDs/MNPs contained C, O, Fe, and noble metal.
With the MIL-53(Fe)/CQDs/2%Au (mass ratio of Au to MIL-
53(Fe)/CQDs = 2%) photocatalyst, almost 100% of Cr (VI) was
reduced in 20 min under visible light irradiation. The MIL-
53(Fe)/CQDs/2%Au displayed a rate constant of 0.1820 min~,
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which was about 7.4, 2.76, 1.77, and 1.47 times higher than that of
MIL-53(Fe), MIL-53(Fe)/CQDs, MIL-53(Fe)/CQDs/2%Ag, and
MIL-53(Fe)/CQDs/2%Pd. It was revealed that the MIL-53(Fe)/
CQDs/2%Au could also eliminate Cr (VI) and dyes at the same
time. The enhanced photocatalytic activity came from increased
light absorption, the high electrical conductivity of CQDs and
gold, and the surface plasmon resonance effect of gold.

Zhang et al. prepared carbon quantum dots (CQDs) modified
graphitic carbon nitride (CCN) in a simple way (Zhang L. et al,,
2020). Citric acid was heated for 20 min at 180°C, treated with
NaOH, sonicated for 20 min, centrifuged for 10 min at 8,000 rpm,
and dialyzed for 2°days using a dialysis bag to make CQDs. The
mixture of urea and CQDs solution was held in an alumina
crucible for 2h at 550°C, stripped in HNOj solution for 1h at
80°C, diluted using deionized water, treated with NaOH,
centrifuged for 5min at 8,000 rpm, and washed with water to
make CCN. The SEM images with element mapping showed that
CQDs were uniformly distributed on graphitic carbon nitride.
XRD pattern of CCN exhibited peaks at 13.1° and 27.5°,
corresponding to <002> and <100> crystal planes of graphite.
XPS result revealed that CCN contained C, N, and O. The CCN
was used as a photocatalyst for the degradation of methylene blue
(MB) and rhodamine B (RhB) and hydrogen evolution under
visible light irradiation. The 4CCN (0.98 wt% CQDs) showed the
shortest MB degradation time of 20 min and the highest
hydrogen evolution rate of 1,291 umol/h/g. The CCN had
better performance than pristine graphitic carbon nitride
because CQDs increased visible light absorption and promoted
photogenerated charge separation and transfer.

Seng et al. developed a nitrogen-doped carbon quantum dots-
decorated 2D graphitic carbon nitride (NCQD/g-C5N,)
composite through a hydrothermal method (Seng et al., 2020).
The mixture of distilled water, citric acid, and urea was held in a
Teflon-lined autoclave for 4 h at 150°C, centrifuged for 20 min at
12,000 rpm, and dried at 90°C overnight in an oven to make bulk
NCQDs. Urea was held in a covered porcelain crucible for 3 h at
550°C and ground into powder to make bulk g-CsN,. g-C;N,
exfoliated by sonication and NCQDs solution were vigorously
stirred for 30 min at ambient temperature, held in the autoclave
for 4h at 120°C, filtered by vacuum filter, washed by distilled
water, and dried at 70°C in an oven overnight to make NCQD/
g-C3N,. According to the TEM result, the morphology of g-C;N,
did not change after the addition of NCQDs. EDX result showed
that the elemental composition of NCQD/g-C;N, was 31%,
18.85%, 0.58%, and 49.5% for C, N, O, and Si, respectively.
The XRD pattern of NCQD/g-CsN, exhibited peaks at 13.2°
and 27.4°, corresponding to (100) and (002) planes of
graphite. Photoluminescence (PL) spectrum revealed that PL
intensity of NCQD/g-C;N, decreased after NCQDs loading.
The NCQD/g-C5N, composite was used as a photocatalyst for
the degradation of methylene blue (MB) under LED light. The
1'wt% NCQD/g-CsN, (1°wt% NCQD) exhibited the highest MB
degradation efficiency of 54.6%, which was 2.6 times higher than
that of pristine g-C5N,. The 1°'wt% NCQD/g-C;N, displayed an
MB degradation rate constant of 5.061 x 10~> min "', which was
3.85 times higher than that of pure g-C;N4. The improved
photocatalytic activity was due to increased speed of charge
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transfer, suppressed electron-hole recombination, and
optimized heterojunction interface between g-C;N, and
NCQD. When the 1wt% NCQD/g-C;N; was used for thee
times, the degradation efficiency was 91.2% of original
efficiency, showing high stability of the composite.

He et al. constructed a 3D graphene oxide- (GO-) carbon
quantum dots/g-C;N,4 nanosheet (GA-CQDs/CNN) aerogel by a
simple hydrothermal method (He H. et al, 2018). EDTA-
2Nae2H,0 was held in a quartz boat for 2h at 350°C,
dissolved in ethanol, centrifuged for 30 min at 12,000 rpm, and
freeze-dried overnight to make CQDs. Dicyandiamide underwent
thermal polycondensation to make bulk g-C;N,. The mixture of
deionized water, bulk g-C;N,, and H,SO, was sonicated for 8 h
and washed by distilled water to make CNN. Graphite powder
underwent modified Hummers’ method to make GO. The
mixture of CQDs and CNN was held in an autoclave for 4 h
at 180°C, mixed with ultrasonic GO, stirred for 1°h, heated again
for 6h at 180°C, washed by distilled water, and freeze-dried
overnight to make GA-CQDs/CNN. The XRD patterns of GA-
CQDs/CNN exhibited peaks at 27.85" and 13.29°, corresponding
to (002) and (100) planes of pristine CNN. XPS result showed that
GA-CQDs/CNN contained C, O, and N. HTEM image revealed a
distinguished interface between reduced GO and CNN.
According to photoluminescence (PL) spectra, GA-CQDs/
CNN displayed the PL quenching phenomenon. The GA-
CQDs/CNN was used as a photocatalyst for the degradation
of methyl orange (MO) under visible light irradiation. The GA-
CQDs/CNN-24% (mass ratio of GO to CNN = 24%) exhibited
MO degradation efficiency of 91.1%, which was 7.6 times higher
than that of bulk g-C;N,. The GA-CQDs/CNN also displayed
high adsorption capacity. The photocatalytic and adsorptive
performance was improved because the large specific surface
area of the porous structure was advantageous for light
absorption and material adsorption. Moreover, the large
planar interface between CNN and GO promoted
photoexcited charge transfer and separation, and CQDs
enhanced light absorption and charge separation. The GA-
CQDs/CNN could be used for four cycles without a significant
decrease in performance.

Miao et al. synthesized an all-solid-state Z-scheme graphitic
carbon nitride (g-C3;N4)/Ag;PO,/nitrogen-doped carbon dots
(NCDs) photocatalyst by a simple solution process by
anchoring NCDs onto g-C5N4/Ag;PO, photocatalyst (Miao
et al., 2018a). The mixture of water, citric acid, and ethylene
diamine was held in a Teflon-lined autoclave for 5h at 200°C,
dialyzed for 1°day, freeze-dried, and dispersed in water to make
NCDs dispersion. Urea was held in a covered alumina crucible at
250°C for 1°h, 350°C for 1h, and 550°C for 2°h and calcined for 2 h
at 600°C to make g-CsN, nanosheets. The mixture of DI water,
g-C3Ny, AgNO;, and Na,HPO, was centrifuged, washed with
ethanol and DI water, vacuum-dried for 12 h at 45°C, and ground
into powder to make g-C5N,/Ag;PO,. The mixture of g-C;N,/
Ag;PO, and NCDs was centrifuged, washed with ethanol and DI
water, and vacuum-dried for 12h at 45°C to make g-C;N,/
Ag;PO,/NCDs. XRD pattern of g-C3N,/Ag;PO,/NCDs
showed characteristic peaks of the cubic phase Ag;PO,.
According to the TEM result, Ag;PO, and NCDs particles
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FIGURE 10 | FE-SEM images of (A,B) hollow BMO microsphere and (C,D) CQDs/Au/BMO; (E) EDX spectrum of sample CQDs/Au/BMO showing the presence of
Bi, Mo, O, Au and C elements. (Reproduced from Zhao et al., 2021, Royal Society of Chemistry).
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were successfully loaded to g-C;N,. The XPS result revealed that
g-C3N,/Ag;PO,/NCDs contained C, N, O, Ag, and P. The
g-C3N,/Ag;PO,/NCDs  photocatalyst ~ was  used  for
photodegradation of methylene blue (MB), rhodamine B
(RhB), and phenol under visible light. 10 mgL™" MB solution
and 10 mg L 'RhB solution were degraded in 20 and 15 min,
respectively, and 64% of 50 mg L™ phenol solution was degraded
in 80 min, much faster than other catalysts such as Ag;PO, and
g-C;N4/AgsPO,.  The g-C3N4/Ag;PO,/NCDs  photocatalyst
showed enhanced performance because NCDs have increased
molecular oxygen activation, promoted charge transfer, and
improved light absorption capacity. The photocatalyst could be
used up to four times without a significant decrease in
performance, suggesting that the photocatalyst has high stability.

Miao et al. developed an all-solid-state Z-scheme Ag;PO,/
graphene oxide (GO)/nitrogen-doped carbon dot (NCD)
photocatalyst by depositing NCDs on Ag;PO,/GO composite
(Miao et al., 2018b). The mixture of water, citric acid, and
ethylene diamine was held in a Teflon-lined autoclave for 5h
at 200°C, dialyzed for 1°day, freeze-dried, and dispersed in water
to make NCDs dispersion. The mixture of DI water, GO, AgNO;,
and Na,HPO, was centrifuged, washed with ethanol and DI
water, dried for 12 h at ambient temperature in the dark, and
ground into powder to make Ag;PO,/GO. The mixture of DI
water, Ag;PO,4/GO, and NCDs was centrifuged, washed with
ethanol and DI water, dried at ambient temperature in the dark,
and ground into powder to make Ag;PO,/GO/NCD. The XRD

pattern of Ag;PO,/GO/NCD exhibited peaks corresponding to
the cubic phase Ag;PO,. From Raman spectroscopy, the D-band
and G-band of carbon at 1,370 and 1,600 cm ™", respectively, and
AgsPO, peaks at 905 and 1,000 cm™' were observed. TEM
images showed that Ag;PO, and NCD particles were
successfully incorporated with GO sheets. XPS result revealed
that Ag;PO,/GO/NCD contained C, N, O, Ag, and P. According
to photoluminescence (PL) spectra, Ag;PO,/GO/NCD
exhibited lower PL intensity than its components. The
AgsP0O,/GO/NCD photocatalyst was used for the degradation
of methylene blue (MB), rhodamine B (RhB), and phenol under
visible light. 10 mg L™' MB solution, 10 mg L' RhB solution,
and 50 mg L™ phenol solution were degraded in 2.5, 5, and
120 min, respectively, which were much faster than those of
Ag;PO, and Ag;PO,/GO. The photocatalytic activity was
improved because NCDs increased the oxygen activation,
enhanced light absorption capacity, and suppressed
photoinduced electron-hole pairs recombination. The
Ag;PO,/GO/NCD photocatalyst could be used four times
without a significant decrease in photocatalytic activity,
showing the high stability of the photocatalyst.

Jana et al. prepared CuO-associated carbon dots (CDCs) in an
eco-friendly way (Jana et al., 2020). The mixture of citric acid
(CA), tetraethylenepentamine (TEPA), and copper sulfate
pentahydrate was sonicated, heated in a microwave oven for
5 min, dissolved in water, centrifuged for 10 min at 10,000 rpm,
and dialyzed for 12 h to make CDCs. The TEM result revealed
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FIGURE 11 | HTEM image of CQDs/Au/BMO nanocomposite.
(Reproduced from Zhao et al., 2021, Royal Society of Chemistry).

that CDCs had an average size of 5.16 nm. XRD pattern of CDCs
exhibited a broad peak of around 21° corresponding to
amorphous carbon. Tge XPS result showed that CDCs
contained C, N, O, and Cu. The zeta potential of CDCs was
+5.42 mV, indicating that CDCs had a positive surface charge.
CDC:s were incorporated with a cationic dye rhodamine B (RhB),
an anionic dye alizarin red S (ArS), or a neutral dye fluorescein C
(FIC) into CDC-dye systems exhibiting photoelectric conversion
processes. The CDC-RhB system displayed the lowest energy
transfer efficiency () of 6.03% because the repulsion between
positively charged CDCs and cationic RhB decreased the energy
transfer. A positively charged surfactant cetrimonium bromide
(CTAB) and a negatively charged surfactant sodium dodecyl
sulfate (SDS) were used to enhance 1 of the CDC-RhB system,
and the negatively charged surfactant enhanced n more, showing
FRET efficiency #pgpr of 14.7%.

Zhang et al. prepared a first-time novel synergistic catalyst
(N-CDs/m-TiO,) by compounding m-TiO, with N-CDs (Zhang
and Dai, 2016). The mixture of citric acid (CA) Urea (U) and N-
N-dimethylformamide (DMF) ultrasonication and held on PTFE
autoclave in microwave vessel at 108°C for 20 min temperature
elevating range of 15°C min~", dialyzed for 48 h, freeze-dried this
N-CDs/m-TiO, were carried out for the preparation of N-CDs.
The mixture of PS sphere and m-TiO, heated at 70°C for 12 h in
an oven further sintered motel furnace at a setting temperature of
500°C for 2 h for removing SP sphere to make macro porous
TiO,(m-TiO,). The mixture N-CDs and m-TiO, was transferred
into the heating mantle at a set temperature of 60°C for 12 h by
the thermal deposition technique. XRD of N-CDs/m-TiO,
exhibited peaks at 25.3°, 48.1°, 53.8°, 55.2°, and 62.8,
corresponding to (101), (200), (105), (211), and (204),
respectively for the anatase TiO,. For the FTIR spectra of
N-CDs/m-TiO,, the additional peak appears at 1,050 cm™’,
corresponding to bending vibration of C-NH-C, and the
absorption peak appears between 3,600 and 3,300 cm™" for the
TiO, NPs and m-TiO, for a fact at N-CDs use capable of

Carbon Quantum Dots Based Photocatalysis

enhancing charge transfer rate as well as CQDs beneficial for
promotion photocatalytic efficiency of TiO,. The N, adsorption-
desorption isotherm of N-CDs/m-TiO, demonstrates the
hysteresis loops at relative pressure 0.2 with type IV
adsorption-desorption having uniform pore size distribution.
For the UV-DRS spectra of N-CDs/m-TiO,, the threshold
wavelength (Ag) of N-CDs/m-TiO, was 511.49 nm and band
gap energy (Eg) was 2.42eV. The N-CDs/m-TiO, shows the
higher photo-anode, photocurrent intensity. There was a higher
photochemical activity of N-CDs/m-TiO, due to its unique
porous structure and sensitization of N-CDs. The N-CDs/m-
TiO, shows excellent photovoltaic conversion efficiency and
stability.

The photocatalytic performance of N-CDs/m-TiO, was
examined by using MB as a target pollutant under UV light
irradiation. For N-CDs/m-TiO, to enhanced degradation
efficiency, the decolorization ratio at MB over N-CDs/m-TiO,
still shows excellent recycling ability of the N-CDs/m-TiO,
photocatalyst. During photocatalytic degradation of MB to
determine the major oxidant, that is, ethylene diamine tetra-
acetic acid (EDTA), tert-butanol (TBA), and p-benzoquinone
(BQ) were employed as h*, OH., and O, scavengers, respectively.
The luminescence property of N-CDs/m-TiO, significantly
enhanced photocatalytic performance due to the synergistic
effect between N-CDs sensitization and the unique porous
structure of m-TiO,. In MB containing aromatic ring is
responsible for the m-m conjugated structure with the m orbitals
of N-CDs, and hence enhancing the photocatalytic activity of N-
CDs/m-TiO, on the MB surface.

Li et al. synthesized carbon dots modified g-CsN,/SnO,
photocatalyst ~ (CDs/g-C3N,/SnO4)  using  the  thermal
polymerization method (Li et al., 2021). Preparation of g-C3N,4
using guanidinium hydrochloride heated in a muffle furnace at
550°C for 12 h with a ramp rate of 2°C min~'. Herein to make
SnO, nanoparticles; SnCl,.H,O dissolved in DI water followed
with 17h ultrasonication and the mixture is transferred into
stainless steel autoclave and processed further at 180°C for 12 h.
The mixture further rinsed with ethanol and DI water dried at
60°C for 24 h. The mixture of CN and SnO, was dissolved in
ethanol heated at 60°C to remove the ethanol mixture calcined at
400°C for 2 h with a ramp rate of 2°C min~'. CDs were prepared
by using a mixture of citric acid (CA), urea (U), and DI water held
in a Teflon-lined stainless steel autoclave at 180°C for 5h. CDs/
CN/SnO, was prepared using CSn,0 and CDs with ethanol
heated at 60°C for evaporating ethanol and then heated at
300°C for 3h. CDs/CN (CCN) and CDs/SnO, (CSnO,) were
prepared by the same method to make 0.5 CCSn20. The TEM,
HTEM, and FPT pattern clearly shows the hexagonal crystalline
structure of CDs (Figures 9B,C), confirming that the CDs
dispersed in g-CsN, and SnO, assigned (110) planes. XRD
spectra of 0.5 CCSn20 show that a high purity crystalline state
of materials was synthesized. The N, adsorption-desorption
isotherms of 0.5 CCSn20 photocatalysts showed a higher
specific surface area (53.717°m*/g). XPS spectra reveal that 0.5
CCSn20 contains C, N, O, and Sn3d. UV-vis DRS for 0.5 CCSn20
increased light absorption capacity more than its components.
According to photoluminescence (PL) spectra, 0.5 CCSn20
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exhibited lower PL intensity than its components. The 0.5
CCSn20 photocatalyst was used for the degradation of
indomethacin (IDM) under visible light. The photocatalytic
IDM degradation rate of 0.5 CCSn20 was higher by 70.3%
than CN (32.0%).

Yu et al. prepared ZnO/CQDs nanocomposites for the one-
step hydrothermal reaction method (Yu et al., 2012). The mixture
of Zn (AC,) 2H,0 and the alcoholic solution of CQDs was held in
a Teflon-lined stainless steel autoclave heated at 100°C for 8 h
washed with DI water and ethanol and then vacuum-dried at
60°C for 24 h. XRD of ZnO/CQDs shows the successful formation
of ZnO/CQDs diffraction peak at ZnO corresponding to wurtzite
ZnO phase (JCPDS-36-1451). Raman spectrum shows prepared
ZnO/CQDs nanocomposites are composed at CQDs and ZnO.
FTIR spectra results showed CQDs are successfully attached to
ZnO nanoparticles. UV-Vis ZnO/CQDs nanocomposites showed
higher photocatalytic activity than other components. SEM showed
small uniform nanoparticles with a size of 20-30 nm of ZnO/CQDs.
HTEM and TEM of ZnO/CQDs formation of carbon layer due to
the addition of CQDs are shown in Figures 10A,B. EDS gives the
elements present in ZnO/CQDs nanocomposites Zn, O, and C. The
ZnO/CQDs nanocomposite was used as the photocatalytic ability for
photodegradation of gas-phase benzene under visible light carried
out at room temperature. The photocatalytic degradation efficiency
of gas-phase benzene and gas-phase methanol was found at 86% and
82% using ZnO/CQDs higher than that of ZnO at 26%, 22%, and
N-doped TiO, (N-TiO,) at 60% and 55%, respectively. The CODs
were loaded on the ZnO surface to the main function for the
enhanced photocatalytic activity of ZnO/CQDs because ZnO/
CQDs had better performance than ZnO due to CQDs increased
photocatalytic activity toward degradation of toxic gas (benzene and
methanol) under visible light at RT.

Nie et al. synthesized CDs/NiCo,0, photocatalyst (Nie
et al.,, 2021). Nickel nitrate, cobalt nitrate, and DI water
were stirred; CDs were added in different wt% into the
mixture, sonicated, and stirred, and then the solution was
moved to porcelain crucible. Mixtures of the solution were
then heated at 400°C for 2 h in a muffle furnace, washed with
water and ethanol, and then dried at 70°C in a vacuum oven to
make CDs/NiCo0,0,4. TEM and H-TEM images reveal that the
CDs/NiCo0,0, exhibits irregular spherical shapes, and the
interplanar spacing of 0.21 and 0.24 nm is associated with
the (100) spacing of CDs and (311) spacing of NiCo,0,4 shown
in Figures 10C,D. The XRD pattern of CDs/NiCo,0, perfectly
matches with (JCPDS No. 73-1702) card. XPS result confirmed
that CDs/NiCo,0,4 nanocomposite contained Ni, Co, C, and O.
Electrochemical band structure of the CDs/NiCo,0O, photocatalyst
reveals that helps photocatalytic overall water decomposition.
According to TPV, the measurement of CDs/NiCo,0, showed
greater photocurrent intensity, and in situ TPV measurement
study during the reaction of photocatalytic HER and OER
further enhanced the reaction rate after being supported with
CDs. The EIS spectra of CDs/NiCo,0, demonstrates is having
lower charge transfer resistance, and hence it showed better
photocurrent intensity, and higher overall water decomposition
reaction activity. The CDs/NiCo,0, showed the best possible
hydrogen (oxygen evolution) production is wup to
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62umolh™' g' (29 umolh™" g'). The CDs/NiCo,0, is still
stable toward H, production. According to the TPV test, the
CDs enhanced the interface electron extraction by about
0.09 ms, while the maximum electron storage time by CDs is
up to 0.7 ms, concluding that CDs enhanced the photocatalytic
water decomposition activity.

Liu et al. prepared metal nanoparticles/carbon quantum dot
composite photocatalyst using Au and CQDs (Liu et al., 2014).
CQDs were prepared by electrochemical ablation of graphite.
Two graphite rods were placed in an ultrapure water electrolyte
solution, applying static potential 15-60 V by both electrodes
using direct current for 10 days, with stirring then centrifuged to
make CODs. HAuCl2 and CQDs solution stirred dark
environments at room temperature for 2h overnight,
centrifuged, washed DI water, and ethanol-dried for 6h at
25-60°C to make Au/CQDs. EDX results demonstrated the
elemental composition of Au, C, and O from AuNPs and
CQDs. XRD pattern of Au/CQDs exhibited planes (111),
(200), (220), (311), and (222) for AuNPs and a strong peak at
20" for carbon. The TEM image showed the successful formation
of Au/CQDs (Figure 9). UV-Vis absorption spectra of Au/CQDs
showed both UV-Vis absorption peaks at 230 nm and 490-590 nm
for CQDs and AuNPs, respectively. Raman of Au/CQDs
composites showed a higher Ip/Ig ratio than AuNPs and
CQDs.  Photocatalytic  oxidation  of  cyclohexane to
cyclohexanone with Au/CQDs composites under visible light is
increased could be due to a similar combination and interaction of
CQDs and AuNPs. According to PL spectra, CQDs were excellent,
as they were quenched by either an electron donor or an electron
acceptor. Electrocatalytic studies on Au/CODs composite toward
hydrogen peroxide decomposition shows excellent activity under
visible-light irradiation than that absence of light irradiation. Au/
CQDs composite exhibited high photocatalytic activity selective for
oxidation of cyclohexane to cyclohexanone using hydrogen
peroxide as oxidant solvent-free. Electrochemical study reveals
that visible light enhanced catalytic reaction.

Liang et al. prepared ZnO sensitized by carbon quantum dots
(L-CQDs/ZnO) by a combination of L-CQDs and ZnO using the
hydrothermal method (Liang et al., 2020). Zinc oxide, ammonia
water, and ammonium bicarbonate were mixed together, filtered,
and stirred for 4 h. The supernatant was steamed at 90 + 2°C,
filtrated, washed, dried in a vacuum oven at 120 + 2°C, and then
annealed at 500 + 2°C for 4 h to make ZnO. ZnO was added into
120 ml L-CQDs aqueous solutions, stirred for 2h, held into
stainless steel autoclave heated air dry oven at 120 + 2°C for
2 h, cooled, filtrated, washed with water dried at 60 + 2°C for 12 h,
and dried at vacuum oven to make L-CQDs/ZnO. TEM result
demonstrated that the L-CQD shad average diameter of 2.1 +
0.4 nm (Figures 12A,B). FTIR spectra demonstrated the strong
absorption peak at 400-800cm™' of L-CQDs/ZnO, which
confirmed strong physical interaction between carbon and zinc
atoms. According to XPS results, L-CQDs/ZnO contained Zn, C,
O with peaks appears at 1,021.1 eV (Zn,ps,,) and 1,044.2 eV
(Zn,p,y/2), 284.8 €V, 288.3 eV (Cls) and 531.8 eV, 532.6 eV (Ols).
UV-Vis DRS results demonstrated that the L-CQDs/ZnO showed
better photocatalytic activity. According to PL results, the L-CQDs/
ZnO had lower photogenerated electron-hole pair recombination.
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The result demonstrated the efficient electron transport caused by
the 7 bond conjugate system of L-CQDs. The L-CQDs/ZnO was
used as a photocatalyst for the degradation of phenol under
sunlight. The L-CQDs/ZnO’s highest degradation efficiency
(60%) completely degrades phenol at 5.5h compared to ZnO.
The L-CQDs/ZnO exhibited better degradation efficiency than
ZnO because wt% of CQDs increased charge separation efficiency.

Bozetine et al. developed ZnO/CQDs/AgNPs by the green
approach of the in situ hydrothermal method (Bozetine et al.,
2021). p-Lactose source of carbon and NaOH solution held in
Teflon-beaker heated at 80°C for 15 min for the synthesis of CQD.
Further to this CQD dispersion added Zn(CH;COO), at RT and
adjusted pH-10 by addition of 8 M NaOH dropwise with constant
stirring for 15 min. The mixture was heated at 80°C for 2 h and
added drop-wise silver nitrate under stirring at 80°C for 1 h to
make ZnO/CQDs/AgNPs. The XRD pattern of ZnO/CQDs/
AgNPs exhibited a peak at 30°, 44.5°, and 64.6°, corresponding
to (111), (200), and (220) planes Ag. According to SEM results,
ZnO/CQDs/AgNPs had particles size (<50 nm). The EDX results
demonstrated that chemical composition consisted of Zn, C, O,
and Ag elements. XPS results demonstrated that ZnO/CQDs/
AgNPs contained Zn, O, C, and Ag. N, adsorption-desorption
isotherms of ZnO/CQDs/AgNPs ternary achieved the highest
surface area compared to the composite of ZnO, Ag, and binary
of CQDs. UV-Vis spectra of ZnO/CQDs/AgNPs achieved band gap
at 3.22 eV to generate electron-hole pairs. The ZnO/CQDs/AgNPs
composite was used for photocatalysis of MB dye under UV-light
irradiation. The photodegradation efficiency of MB dye was 98.6%
for ZnO/CQDs/AgNPs. ZnO/CQDs/AgNPs photocatalyst achieved
higher photocatalytic activity under UV-light irradiation due to the
AgNPs, and CQDs reduced the recombination rate of the
photogenerated electron-hole pairs and enhanced photocatalytic
reactions.

Zhao et al. synthesized carbon quantum dots and Au
nanoparticles with Bi;MoOgs by simple hydrothermal method
(CQDs/Au/BMO) (Zhao et al., 2021). Citric acid and urea were
held in a Teflon-lined autoclave for 5h at 180°C, centrifuged for
30 min, and subjected to vacuum drying for 3 h at 80°C to make
CQDs. Bi(NO;); 5H,0 and Na,MoO, 2H,0 were added in ethylene
glycol, and ethanol stirring was held in an autoclave for 12h at
2016°C, centrifuged, washed with water and alcohol, and dried
overnight in an electric oven at 60°C to make BMO. BMO,
HAuCl, and lysine were added in DI water, maintained pH with
added NaOH and NaBH,, centrifuged, washed with water, and dried
overnight in an oven at 60°C to make Au/BMO. CDs and Au/BMO
were dispersed in ethanol using ultrasonic treatment followed by
drying and calcination 2 h at 250°C to make CQDs/Au/BMO. XRD
pattern of CQDs/Au/BMO showed peaks at 38.2° and 44.3
corresponding to (111) and (200) planes for Au NPs for Au/
BMO and CQDs/Au/BMO. The XPS result demonstrated that
CQDs/Au/BMO contained Bi, Mo, O, Au, and C elements. The
morphology and EDX of BMO possesses a hierarchical microsphere
with an average diameter was about 1-2 mm, CQDs/Au/BMO are
similar to that of BMO, EDX indicated that all the elements are
uniformly distributed (Figures 10A-E). According to the H-TEM
result, CQDs/Au/BMO revealed (131), (002), and (111) planes for
BMO, CQDs, and Au, respectively (Figure 11). EPR spectra showed
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the oxygen vacancies in BMO and CQDs/Au/BMO. The CQDs/Au/
BMO was used as a photocatalyst for the degradation of phenol
under visible light. The phenol degradation rate constant of 7%
CQDs/Au/BMO was 228.21 x 10 min™". The 7% CQDs/Au/BMO
exhibited the highest phenol degradation efficiency of 94%, which
was higher than that of BMO-SOVs (24%), Au/BMO (45%), and
CQDs/BMO (51%). According to PL and EIS spectra, 7% CQDs/
Au/BMO showed higher photocatalytic activity due to the
interaction of CQDs and Au NPs on the surface of BMO. The
EIS result confirmed that CQDs/Au/BMO showed the strongest
ability to separate and transfer photogenerated e /h* and enhanced
photocatalytic activity.

Hu et al. developed carbon dots-decorated BIOCOOH/ultrathin
g-C3N, nanosheets (CQDs/BIOCOOH/uCN) photocatalyst by the
simple method (Hu et al, 2021). Melamine was calcined for 4 h at
550°C to make bulk g-C;N,. The bulk g-CsN; was held in an
aluminum crucible and thermally exploited in uCN for 2h at
500°C to make uCN. Citric acid and ethylene diamine were held
in a Teflon-lined autoclave for 5 h at 200°C and dialyzed for 24 h to
make CQDs. The mixture of uCN, HCOONa and Bi (NO3);-5H,0 is
taken in water and stirred for 30 min followed by added CQDs
solution. Furthermore the solution was transfer into Teflon lined
autoclave and heated at 150°C for 10 h to make CQDs/BiOCOOH/
uCN. The SEM image of CQDs/BiOCOOH/uCN showed a flower-
like structure. EDS of CQDs/BiOCOOH/uCN contained Bi, O, N, and
C elements. HTEM of CQDs/BiOCOOH/uCN demonstrated that the
lattice stripes and planes ((102) (110)), (101), and (002)) for
BiOCOOH, graphitic carbon, and uCN.XRD pattern of CQDs/
BiOCOOH/uCN exhibited peaks at 13.1° and 27.4°, corresponding
to (100) and (002) for uCN and board peak 25° for the disorder of
carbon. XPS spectra revealed that CQDs/BiIOCOOH/uCN contained
C, N, Bi, and O elements. The photoluminescence (PL) spectra
showed that CQDs/BIOCOOH/uCN exhibited the strongest
emission when the excitation wavelength was 460 nm. The CQDs/
BiOCOOH/uCN was used as a photocatalyst for the degradation of
sulfathiazole (STZ) under LED lamp irradiation. Using the CQDs/
BiOCOOH/uCN showed higher photocatalytic activity compared to
its composites. The photocatalytic effect was improved because of the
formation of heterojunction. Photodegradation efficiencies of STZ at
various pH values were studied up to 98%, and the 4-CQDs/
BiOCOOH/uCN showed excellent photocatalytic activity, both
acidic and alkaline. The degradation efficiency of STZ was checked
by adding natural organic matter and inorganic anions, which
revealed CQDs/BIOCOOH/uCN was an attractive material for
both NOM and IA. The CQDs/BiIOCOOH/uCN showed better
photocatalyst activity.

Gao et al. prepared N-CQDs/BiOI,Br, by the one-step in situ
co-precipitation method (Gao et al., 2021). Citric acid and urea
ultrasonication 2 h were mixture held in a Teflon-lined stainless
steel autoclave for 5 h at 180°C, dialyzed for 24 h, and dried for 12 h
at 60°C to make N-CQDs. The Bi(NO3);-5H,O in glycol is
ultrasonicated for better dispersion and added N-CQDs under
stirring for next 2h to make N-CQDs/BiOI;Br;_y. The XRD
spectra of N-CQDs/BiOLBr, , exhibited a characteristic peak at
20 =26"to 35". According to SEM images, the N-CQDs/BiOLBr;
were nanosheets thickness of about 23nm. HTEM results
demonstrated the presence of lattice fringes and an average
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diameter of about 7 nm. XPS result demonstrated that N-CQDs/
BiOIxBrl-x contained Bi, O, I, Br, C, and N elements. According to
the Brunauer-Emmett-Teller (BET) analysis of N-CQDs/
BiOIxBrl-x, the large specific surface area was 20.97 m*/g. The
N-CQDs/BiOIxBrl-x was used as a photocatalyst for the
degradation of phenol under visible light irradiation. The
photocatalytic phenol degradation rate of N-CQDs/BiOIxBrl-x
was higher 98.7% than its composites. The enhancement of the
photocatalytic activity of N-CQDs/BiOIxBrl-x was due to the
scattering of light and layered BiOxBrl-x, as well as the internal
electric field from N-CQD to BiOxBrl-x.

5 CONCLUSION

After CQDs were discovered in 2004, there have been many
investigations on their synthesis, properties, modifications, and
applications due to their distinctive optical and electronic
properties. This work focuses on recent progress on CQDs-related
materials’ synthesis, properties, and applications in photocatalysis.
Many simple, low-cost, and scalable synthesis routes of CQDs-related
materials have been devised. CQDs exhibited excellent sunlight
harvesting ability, tunable PL, UCPL, and efficient photoexcited
electron transfer. CQDs can act as a sole photocatalyst or enhance
the photocatalytic activity of other photocatalysts as an electron
mediator, a photosensitizer, and/or a spectral converter.

Despite significant improvement over the previous decade,
various issues still require much investigation. Defects in
CQDs modify their optical and electrical characteristics
dramatically. Despite this, there are no established
methodologies or tactics for dealing with CQD issues.
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Water oxidation has become very popular due to its prime role in water splitting and
metal-air batteries. Thus, the development of efficient, abundant, and economical
catalysts, as well as electrode design, is very demanding today. In this review, we
have discussed the principles of electrocatalytic water oxidation reaction (WOR), the
electrocatalyst and electrode design strategies for the most efficient results, and recent
advancement in the oxygen evolution reaction (OER) catalyst design. Finally, we have
discussed the use of OER in the Oxygen Maker (OM) design with the example of OM
REDOX by Solaire Initiative Private Ltd. The review clearly summarizes the future directions
and applications for sustainable energy utilization with the help of water splitting and the
way forward to develop better cell designs with electrodes and catalysts for practical
applications. We hope this review will offer a basic understanding of the OER process and
WOR in general along with the standard parameters to evaluate the performance and
encourage more WOR-based profound innovations to make their way from the lab to the
market following the example of OM REDOX.

Keywords: water oxidation reaction, oxygen evolution reactions, surface modification of electrodes, oxygen
generator, industrial applications of water oxidation, lab to market

INTRODUCTION

In 1671, scientist Robert Boyle first produced hydrogen gas by conducting the reaction between iron
lings and dilute acids. Later, the research work of British Chemist Henry Cavendish and French Chemist
Antoine Lavoisier led to the discovery of hydrogen gas in 1783. On the other hand, in 1771-1772,
Swedish Chemist Carl Wilhelm Scheele first produced oxygen gas by heating mercuric oxide, potassium
nitrate, and some other nitrates. In 1774, British chemist Joseph Priestly discovered oxygen
independently, and later, in 1775-1780, Antoine Lavoisier explained the role of this gas in
combustion and named it “Oxygen.” Both of these gases are very much important for our daily
lives. In the last few decades, hydrogen has given importance as a potentially sustainable and renewable
energy source to meet the rapidly increasing demand for energy due to the dramatic rise in world
population, industrialization, and worldwide economic growth. Generally, carbon-based fossil fuels are
used to meet such ever-increasing demand for energy, but these fuels are non-sustainable and have
limited reserves. Massive fossil fuel combustion also causes a large amount of CO, and other greenhouse
gas emissions. However, the burning of Hydrogen gas with oxygen in fuel cells almost leads to zero
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emissions (Tang et al, 2021). That’s why, for having high mass-
energy density and for being an environment-friendly clean energy
carrier, hydrogen gas has been considered as an alternative to fossil
fuels. Similarly, for being a strong oxidizing agent, having an
important role in respiration, combustion processes, oxygen has
its broad application in different industries like chemical and
petrochemical industry, metal industry, oil, and gas industry,
and it is also used in fish farming, glass manufacture, waste
management, and oxygen therapy. Especially, during the
COVID-19 pandemic, we have realized the huge demand for
oxygen for medical oxygen therapy to treat the patients having
low oxygen saturation. Electrochemical water splitting is one of the
most promising and widespread sustainable pollution-free
approaches for producing hydrogen and oxygen. In the water
electrolysis process, electrical power is used to dissociate water
molecules into hydrogen gas at the cathode side and oxygen gas at
the anode side. To overcome different activation barriers related to
these reactions, excess energy in the form of “overpotential” is
required for the electrocatalysis of pure water. That is why an
electrolyte (an acid or a base or a salt) is added to it, and different
electrocatalysts are used to increase the efficiency of water
electrolysis by lowering the “overpotential.” This electrochemical
water splitting reaction has two components—Hydrogen Evolution
Reaction (HER) and Oxygen Evolution Reaction (OER). HER is the
reaction where hydrogen (H,) is generated via the reduction of
either proton (H") or H,O at the cathode depending on the pH of
the electrolyte, and OER is the reaction where oxygen (O,) is
generated via the oxidation of either the hydroxyl ion (OH") or
H,O at the anode depending on the pH of the electrolyte. Although
the water splitting electrolysis is straightforward and environment-
friendly, the large-scale application of this process for the
production of hydrogen and oxygen is still absent today due to
the low efficiency and high cost of production. Therefore, the
development  of  efficient,  low-cost, earth-abundant
electrocatalysts suitable for different mediums (acidic, neutral, or
alkaline) having high catalytic activity, long-term stability is highly
desirable for efficient production of hydrogen and oxygen gas from
water splitting to meet the commercial-scale demand of H, and O,
since the electrocatalysts help to minimize the overpotentials for
HERs and OERs. The performance of an electrocatalyst for
electrochemical water oxidation depends on three key
factors—1) Activity, 2) Stability, and 3) Efficiency. In this paper,
the activity of electrocatalysts is explained in terms of overpotential,
Tafel slope, and exchange current density. ECSA (Electrochemically
Active Surface Area) is also another parameter that influences the
catalytic activity of the electrocatalysts. Stability is one of the
important parameters for describing the ability of an
electrocatalyst to maintain its original activity over a long range
of time. It can be assessed by recording the changes of the
overpotential at a particular current density or by recording the
variation of current density under a fixed applied overpotential, over
a period of time. Another parameter that plays a significant role in
evaluating the performance of an electrocatalyst is its efficiency,
which is characterized by Faradaic efficiency and turn-over
frequency. How these factors influence the performance of
electrocatalysts are mentioned in the later section of this paper.
The role of electrocatalysts in the electrochemical water-splitting
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reaction is another focal point of this review. In this paper, we have
discussed the design strategies and the catalytic properties of
recently developed OER electrocatalysts that are suitable for
different mediums (acidic, neutral, or alkaline). Along with the
knowledge about several efficient electrocatalysts for water-splitting
reactions, it is also very much important to know their practical
applications. The applications of electrocatalytic water oxidation in
several fields—oxygen generator, spacecraft, Fuel Cell Electric
Vehicle (FCEV) technologies, nuclear submarines, etc.—are
worth mentioning. Therefore, the discussion of design strategies,
electrocatalytic properties, of such electrocatalysts in this review
paper is expected to lead to new advances in developing active,
stable, efficient, low-cost HER, and OER electrocatalysts for the
mass commercialization of water splitting-based hydrogen and
oxygen production. Finally, it refers to a product developed in
our start-up by us: OM REDOX.

PRINCIPLES OF ELECTROCATALYTIC
WATER OXIDATION REACTION

From the thermodynamic point of view, the water splitting
reaction is an endergonic process. However, this non-
spontaneous reaction can be done by providing external
energy to the system, such as electricity. That’s why electrical
power is needed for water electrolysis to dissociate water
molecules into hydrogen gas at the cathode and oxygen gas at
the anode. To overcome different activation barriers, excess
energy in the form of “overpotential” is required for the
electrocatalysis of pure water. The electrical conductivity of
pure water is significantly less. Therefore, an electrolyte (an
acid or a base or a salt) is added to it, and different
electrocatalysts are used to increase the efficiency of water
electrolysis by lowering the “overpotential.”

In the acidic medium (pH < 7), excess H" ions, present in the
solution, move towards the cathode and are reduced to hydrogen
gas, while the water molecules are oxidized at the anode to form
oxygen gas. Therefore, the water electrolysis process that occurs at
the surface of the electrodes in an acidic medium can be described
by the following half-cell reactions (Santos et al, 2013);
(Figure 1):

In acidic medium,

At Cathode: 2H" (aq)2e” — H,(g) (Eo = +0.0VvsSHE) (1)
At Anode: H,0(1) — %Oz (g) +2H" (aq) + 2¢™ (E,

= +1.23Vys SHE) 2

Net reaction: H,O (1) — H, (g) + %Oz (g) (Ep = —1.23Vvs SHE)

(3)

However, in an alkaline medium (pH > 7), additional
hydroxyl ions, present in the solution, release their
electrons to anode during water electrolysis and get
oxidized to form oxygen gas, while the water molecules are
reduced at the cathode and generate hydrogen gas. The water
electrolysis process that occurs at the surface of the electrodes
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in an alkaline medium can be described by the following half-
cell reactions (Santos et al., 2013); (Figure 1).
In an alkaline medium,

At Cathode: 2H,0 (1) + 2¢” — H, (g) + 20H (E,
= ~0.83Vvs SHE) )

At Anode: 20H™ — %Oz (g) + 2H,0(1) + 2¢™ (E,
= +0.40Vvs SHE) ®)
Net reaction: H,O (1) — H, (g) + %Oz (g) (Ey = —1.23Vvs SHE)
(6)

Under the standard condition (ambient temperature and
pressure), the Gibbs free energy and the enthalpy of the water-
splitting reaction are AG® = 237 k] mol ' and AH® = 286 kJ mol ',
respectively. The thermodynamic standard cell potential for
water-splitting reaction can be calculated by using the
following equation:

AG°® = nFE° )

In the above equation, AG® is the standard Gibbs free
energy, n is the number of electrons, F is Faraday’s constant,
and E° is the standard cell potential. Using Equation 7, the
theoretical reversible voltage required for dissociating a water
molecule into hydrogen and oxygen gas is calculated as
1.23V at 25°C, in both acidic and alkaline mediums
(Shinagawa and Takanabe, 2017). However, in practice, to
overwhelm the activation barrier of reaction, more than 1.8 V
is required. This substantial overpotential for the water-
splitting reactions emerges because of the sluggish transfer
kinetics of the four-electron transfer in the anodic oxidation
reaction and the two-electron transfer in the cathode
reduction reaction (Li et al., 2020). The Nernst equation of
water electrolysis can be expressed as (Shen et al., 2011)

RT :
E°, =1.23-0.9 x 107 (T - 298) + —ln<w>. ()
4F PHzo

In the above equation, py,, pos, and pmyo are the partial
pressures of hydrogen, oxygen, and water vapor, respectively,
and T refers to the temperature in K (Shen et al,, 2011). The
Nernst equation enables us to determine the cell potential for
water splitting reaction under non-standard conditions (at
reaction condition). This water dissociation potential is
influenced by the catalyst activity of electrodes. Moreover,
the electrochemical properties of the electrodes influence the
mechanism of the water-splitting reaction. The value of water
dissociation potential depends on it (Shen et al, 2011). As
mentioned earlier, high overpotential is one of the main
reasons for the sluggish kinetics of the water-splitting
reaction. This kinetic effect of water electrolysis can be
expressed with the Butler-Volmer equation via the activation
overpotential of the cathode and anode. This equation is as
follows (Shen et al., 2011):
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2
> +1 |, where,i=a,c 9)

In Equation 9, 7,, is the activational overpotential of
electrode i (i = g, ¢), where “a” and “c” subscripts represent
the anode and cathode, respectively, J is the operating current
density, J, is the exchange current density, and R is the ideal gas
constant.

The exchange current density can be expressed as the
following equation (Shen et al., 2011):

Joi =T exp(%),i =a,c, (10)
where | :ef is the pre-exponential factors and E,y; is the
activation energy.

Generally, in the electrochemical water oxidation process, the
activation overpotentials of the cathode and anode are different
from each other, which means that they have different catalytic
activities. However, the ratio of electrochemical reaction rate on
the cathode to the anode or the rate of product formation at both
the electrodes does not depend on their catalytic activities. Rather,
it depends on the stoichiometric ratio as the current passing
through the cathode and anode is always the same in the
electrolysis process. Therefore, the rate of production of
hydrogen and oxygen can be expressed with Equations 11, 12,
respectively (Shen et al,, 2011),

JA

NHZ = ﬁ (11)
JA
I\]o2 = E (12)

The rate of hydrogen and oxygen gas production is also
influenced by the efficiency of water electrolysis. The efficiency
of electrolysis depends on several factors. It depends on the
availability of the cations and anions in the solution, their
mobility rate to reach the electrode, and the required
activation energy to transfer electrons from the electrode to
the electrolyte ions. In addition to these, the wettability of the
electrocatalyst with electrolyte and the rapid desorption of the
bubbles generated on the electrodes is very important to increase
the efficiency of water-dissociation reactions. Because the
breaking of the generated gas bubbles from the electrode
surface sometimes becomes difficult, and as a result, the
electrolyte cannot easily diffuse to access the interface of the
electrolyte or catalyst. Therefore, hydrophilicity —and
aerophobicity are considered two important facets of
electrodes to perform an efficient and stable water electrolysis
process. Hence, developing efficient, low-cost, stable, earth-
abundant electrocatalysts for water-splitting reactions is
imperative (Li et al., 2020).
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ELECTRODE DESIGN IN
ELECTROCATALYTIC REACTION
INVOLVING WATER OXIDATION

The simplest electrochemical cells can consist of anode and
cathode immersed in an electrolyte in a glass beaker, split via
porous separator or membrane. With the increasing need, the
complexity also increases and starts including a series of complex
components, including electrode plates, housing, separators, and
gaskets. The modern cells now comprise new features such as
well-spaced threaded fastenings for compression (seen in the
electrocell, the FMO1-LC electrolyzer, and the microflow cell),
wrenches, thumb screws for fixing and relaxing the frame (Ralph
etal,, 1999), inlet and outlet flow tubes ruling out the requirement
for hand tools, electrode and membrane gaskets, membrane and
separator, current collector, and rear and front plate assembly.

Fabrication of Electrode Materials
Electrochemical cell components are prime candidates for 3D
printers, either from polymer materials for it to be electrically
insulating or stainless steel for functioning as a current collector.
Diversity of materials including conducting polymers such as
polypyrroles, polythiophenes (Campbell et al,, 2007; de Ledn
et al., 2008), boron-doped diamond ceramics, and electrically
conductive suboxides of titanium and Ebonex (Walsh and Wills,
2010) are used for electrode materials. Mature coating techniques
were developed, such as plasma and vapor deposition, anodized,
and electrodeposited finishes (Walsh et al., 2015). Carbon fiber
polymer and metal-ceramic/polymer are also utilized as modern
ceramic composites. The most widely used is a nanostructured
surface on the electrode for their high activity and area properties.

Stacked cell designs require adequate distance between the
cathode and anode to prevent electrical short circuits or product
crossover. In this regard, porous polymer meshes and crushed
glass frits are successfully applied for electrical separation.

Here, we highlight the techniques for the design of electrodes
and their surface modification, but other complementary
approaches also came into notice for the realization of modern
electrochemical materials, such as electrospinning and
electrostatic deposition. Composite fibers of carbon nanotubes
and titanium nanotubes composing biomaterials like chitosan
can be produced by electrospinning. Electrostatically deposited
Pd/Ir catalyzed micro-fibrous carbon mats have been utilized for
peroxide reduction as a 3D cathode in a borohydride fuel cell
(Dechakiatkrai et al,, 2009). The continued development of
classical imaging tools such as scanning electron microscopy
(SEM), transmission electron microscopy (TEM), atomic force
microscopy (AFM), and advanced X-ray computed tomography
(Arenas et al., 2018) has helped to realize the surface morphology
of structured surfaces in a great extent.

Choice of Electrolyte

In an electrochemical reaction, one should choose solvents and
supporting electrolytes considering the full electrochemical
mechanism and the overpotential window for the electrolyte
and the solvent. Interaction between the electrolyte ions and
the catalyst surface is also very important because strongly
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absorbing species can reduce the reaction rate drastically by
blocking the catalyst sites (Perry and Denuault, 2015). Strong
pH dependence and the need for proton transfer often make
aqueous solutions good options for many electrochemical
systems. However, the solvent window is narrow for water
compared to ionic liquids and organic media. Organic
electrolytes and ionic liquids (room temperature) allow
reactions through an intermediate that would otherwise be
oxidized in aqueous media, thus presenting a wider window
(Mohle et al, 2018). They can also stabilize high-energy
radical intermediates for organic electrochemical synthesis
(Wiebe et al., 2018). Ionic liquids are desirable from green and
environmental perspective as these are recyclable. However, they
are costly and their viscosities give low mass transport
(Kathiresan and Velayutham, 2015).

Types of Electrochemical Cells

In the 1960s, electrochemists developed engineering principles to
design cells with a diverse range of electrode and cell geometries
for laboratory and pilot-scale use in the 1970s (Goodridge and
Scott, 2013). Such developments and principles till date are very
relevant for any cell-related designing purposes. From using a
diverse range of materials (e.g., metals, polymers, composites,
etc.) to improving structural and surface designs (e.g.,
introducing nanostructures and hierarchical features or using
techniques such as electrodeposition, anodizing, electrophoresis,
electrospinning, etc.), several domains have been developed to
improve the efficiency of electrodes for electrochemical reactions.
3D printing and lithographic techniques have been adopted for
fast production and prototyping, which is aided by computer-
simulated designs and a wide range of characterization
techniques, from optical and SEM through to X-ray computed
tomography and synchrotron radiation (catalyst) studies
(Figure 2).

We have already understood that depending on the
application, different types of electrodes and cell geometries
are developed to optimize the conversion, current efficiency,
electroactive area, mass transport, selectivity, energy transport,
and efficiency. During the design, some considerations are
necessary to realize their importance for the process. These are
as follows: a) low-cost production by maintaining the
simplicity; b) low operational cost as well as component
costs such as an electrolyte and a separator; c) reliability for
routine operations, cleaning and inspection; d) engineering of
the reaction pathway for highest selectivity, production, mass
transport, electroactive area, current and potential
distribution, inter-electrode gap, and low overpotential
(Fleischmann et al.,, 1980); e) low-pressure drop over the
cell; f) ease of the product extraction; and so on.

Considering theses points, some simple cell types are already
available to aid the selection of particular electrode geometry and
cell design (Walsh and de Léon, 2018).When used retrospectively,
this approach is very beneficial to rationalize diverse cell designs
by considering their significant characteristics.

1) Filter-press cell: There are two main types: Undivided cell
and Divided cell. The divided cell can be further classified

Frontiers in Chemistry | www.frontiersin.org

May 2022 | Volume 10 | Article 861604


https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Sen et al.

Electrocatalytic Water Oxidation: Lab-to-Market Translation

OER

HER

In acidic medium
2H (aq) ~ 2¢ — H, (g)
(E, = +0.0 V v SHE)

CATHODE

In alkaline medium,
2H,0() + 2¢ — H,(g) + 20
(E,=-0.83\ vs SHE)

FIGURE 1 | Schematic illustration of the electrochemical water-splitting reaction and related reaction kinetics.

In acidic medium
H,0 () — 20, (@) + 2H" (aq)
31 #2¢ (E,=+123V vs SHE)

In alkaline medium,
200+ 20, () + H,0 () +2¢
(Ey=+0.40 V vs SHE)

Electrodeposition,
anodising,

clectrophoresis,
clectrospinning

Surface modification and comin\

Foams, felts and

micromeshes

Improved structures
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3D printing,
CNC machining
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and activity

Flectrodes for
Flectrochemical
Technology

Imaging and

Computed

metrology tomography

Conductive
polymers,
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hybrids

characterization techniques. Adopted with permission from Walsh et al. (2018).

Newer malcrials/ l \onlrollcd reaction environment

Design and simulation

Computer aided
imaging and

digital software
simulation

FIGURE 2 | Various electrodes used in electrochemical technology, showing the diversity of materials, structures, coatings, shapes, manufacturing methods, and

Flow cells with
controlled v, ¢, j
and £

distributions

into monopolar electrodes and bipolar electrodes. 2D
electrodes and 3D electrodes are the two categories of
bipolar electrodes. These two types of cells can be
classified into commercial cells and in-house cells. Filter-
press cells can also be divided into fast prototyping, such as
3D printing and conventional manufacturing by machining
or molding. Both the types have applications as a commercial
cell and an in-house cell.

2) More specialized cell: There are three main types: rotating
electrode (e.g., rotating cylinder electrode reactor), porous
electrode (e.g., packed bed or reticulated electrode reactor),
and thin-film (e.g., bipolar trickle tower)

Electrode Design: Structure and Form
The scope of electrochemistry is enormous, covering anywhere
from electrocatalyst studies at atomic or molecular-sized species to
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FIGURE 3 | Commonly employed laboratory-scale electrochemical cells, where the solid arrows indicate the direction of electrolyte flow and dashed arrows
indicate a porous separator or ion conductive membrane. Adopted with permission from Perry et al. (2020).
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full-scale commercial cell rooms. The working electrodes play a
critical role in determining the performance and greatly influence
the reaction rate due to their different structures, conductivity, and
access of the catalyst to the electrolyte. The electrode size can also
be extremely diverse, laboratory electrodes ranging from 1 mm? to
10 cm? including microelectrodes, while pilot plant electrodes can
be 100-500 cm?® (sometimes even 1 m>). Electrodes are designed
for a particular use, such as electro-kinetics studies, bulk
electrolysis, determination of limiting currents, or continuous
reactor operation (Pletcher, 2019). The type of cell design is
extensively considered elsewhere with respect to electrode shape,
geometry, and electrolyte flow/electrical connections (Walsh and
Reade, 1994a; b). Large scale reactions need the mass transport of
reactants/products and heat transfer to/from the electrode. The
design should improve sufficient mass transfer with the necessary
reactants for efficient reaction progress. Thermal control is also
very important as many redox reactions are exothermic in nature.
Thermal control plays an important role in ensuring the stability
and operational safety of the cell as active cooling may be needed in
the form of heat exchange to get rid of the heat generated by the
Joule effect. Figure 3 demonstrates some commonly employed
laboratory scale electrochemical cells.

General considerations regarding electrodes: A) Cost is always
one of the main factors, so low-cost development is always
economical. B) To make the electrodes cost-efficient, an adequate
lifetime of the electrodes needs good mechanical, thermal, and
chemical stability along with corrosion resistance. C) A high
electrical conductivity gives a uniform current distribution and
low ohmic losses. Choosing materials with very low resistivity is
very important since the chemical resistance of the materials
increases by the use of high surface area porous materials and 3D
structures. D) Electrocatalysts should be modified for higher stability
and yield by providing a low overpotential for the reaction.

One of the most important points of electrode activity is its
surface area. We already know the importance of achieving a high
current, but increasing the surface area is necessary for efficient
activity if the current density is restricted. Porous materials and
3D surfaces can offer a low-pressure drop over the flow channel
and moderate density. In the case of electrodeposited solids,
suitable morphology and purity should be maintained for
good current efficiency (Walsh, 2001). An increase in current
with the electrode area will be accompanied by ohmic and kinetic
losses, leading to a more negative cell potential, and will also
result in a higher capacitance,
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Cell potential difference U = U, + Y [#] + Y. j- A - R, where
= polarization, A = electrode area, and R = gas constant;
Mass transport limiting current Iy =z -F-c-A-ky, = K-v*,
where z = no of electron transferred, F= Faraday’s constant,
¢ = concentration, and A = electrode area;

Charge transfer currentI=z-F-A-k-c exp(a';'_?”), where
= no of electron transferred, F= Faraday’s constant, ¢
concentration, A = electrode area, # = overpotential, R
gas constant, T = absolute temperature, and o= charge
transfer coefficient;

N

) 4 1t
Capacitance C = £ = —=—, where q = charge, AE = change

in potential, 1 = distance between the electrodes, and A =
electrode area.

Modification of Electrode Surface

The surface area of the electrodes can be increased by using
porous hybrids and 3D electrodes. Porous electrodes can be
arranged in two configurations: flowthrough (Alkire and
Gracon, 1975) and flow-by (Alkire and Ng, 1977), where
the current and electrolyte flow run parallel and
perpendicular to each other, respectively. In both cases, the
electrodes face each other for uniform current distribution.
Reticulated vitreous carbon (RVC) (Arenas et al., 2018), foam
(Mustafa et al., 2019), and carbon felt (Castanieda et al., 2017)
electrodes have been extensively used for the same purpose.
The strategies for modifying the electrode surface include
electro-depositing high surface area, combining foam with a
fibrous structure and active nano-particles on the surface. The
intricate surface of the 3D electrodes enhances the mass
transport of the active species to the surface and creates
different resistance between the opposite points of the
electrodes. This geometric influence can affect their
performance by changing the potential and current
distribution. The geometry of the 3D electrodes can also
increase the space-time yield of the electrochemical cells
compared to 2D electrodes (Arenas et al., 2016). Here,
mass transport can be correlated and controlled to the
pressure drop and flow dispersion to evaluate the overall
cost-benefit of the electrodes. The significance of 3D and
porous architecture can be realized when structures such as
nanorods, nanospheres, nano-onions, networks of nanowires
and nanoflowers, micro-flowers, nano walls, etc., are
manufactured on flat plate electrodes or inside already
three-dimensional electrodes (Egorov and O’Dwyer, 2020).
The electrochemical properties can be tailored by surface
treatment or deposition of electrocatalysts. One such
example is the electro-deposition of Pt on the Ti plate, felt,
or meshes (Arenas et al., 2019). While depositing gold
nanoparticle, by sputtering, onto a nano-porous array of
TiO, on a Ti foil, felt or mesh surface, the hybrid surface
nanostructure can be prepared by comprising “tubes within
tubes” as in the incorporation of titanates via electrophoresis
into an anodized microporous TiO, array on a Ti foil (Low
et al., 2012). The hybrid surface nanostructure can be
prepared by comprising “tubes within tubes” as in the
incorporation of titanates via electrophoresis into an
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anodized microporous TiO, array on a Ti foil (Low et al,
2012). The surface of the electrodes can always be modified for
enhanced activity to incorporate nanoparticles into it by sol-
gel coating, chemical reduction of metal salts, electroless
deposition, and anodic or cathodic electrodeposition. The
resulting surface had an average surface roughness of ca.
100 nm. By these techniques, examples of deposited
materials include (a) precious metals such as Pt, Ru, etc,
by galvanic reduction of metal salts (Walsh et al., 2006); (b)
Ni, Co, Pt, Sn, etc., transition metals by immersion,
electroless, and cathodic deposition (Walsh and Low,
2016); (c) metal oxides such as PbO, or MnO, by chemical
and anodic deposition (Li et al., 2011); and (d) anodic and
cathodic deposition of metal-metal, metal-polymer, and
metal-ceramic composites (Walsh et al., 2015).

In recent years, cell design can be assisted by computer-
aided design (CAD), and computer modeling of the reaction
environment such as pressure drop, electrolyte
hydrodynamics, and leakage currents flowing around the
electrode rather than in the ordered fashion (shunt
currents) together with concentration, current, and
potential distribution. Digital designing is now a
breakthrough for producing multiple, improved 3D
electrodes by 3D printing, which are then tested in the
laboratory. The development of technology has enabled 3D
printers to assess a broader range of solid materials such as
auxetic polymer foams having controlled pore shape, size, and
density (Critchley et al., 2013). The advancement has been
seen by the production of the fast prototype laboratory Zn-Ce
redox flow battery (Arenas et al., 2015). Quickly modifying
and manufacturing the cell resulted in a much faster
development process. It was seen that high-resolution laser
curing was a more suitable technique for printing
electrochemical flow cell components because melting of
polymer resulted in undesired porosity and deformation
due to thermal stress. Developments of 3D printing have
resulted the successful manufacture of 3D porous metal
electrodes. Digital imaging software allowed visualization,
simulation, and modification before manufacturing.

Now coming to some disadvantages, 3D electrodes can present
uneven current and potential distributions, resulting in the
asymmetric electrodeposition of catalyst particles and uneven
final operations. Therefore, establishing the optimal electrode
thickness ensures the electrochemical activity of the covered
electrode surface. Not all the surface of the thicker electrodes
has the same potential, so the catalyst distribution may not be
homogeneous. That is why the electrodeposition technique is the
most reliably used for such proposes. There is still possibility that
parts of the electrode can be inactive if the electrode is too thick or
if the electrolyte species has very low concentration. However,
mathematical simulation can determine the optimal thickness,
such as in conductive porous electrodes. A unidirectional
potential distribution under limiting current conditions can be
modeled assuming plug-flow conditions and that in excess of
supporting electrolyte, the conductivity changes during
electrolysis are negligible (Nava et al., 2008). In practice, the
potential difference between the porous electrode surface and the
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FIGURE 4 | (A) Triangular diagram showing fcc metal polyhedrons bounded by different crystallographic facets. Reprinted (adapted) with permission from Yu et al.
(2010). Copyright (2010) American Chemical Society. (B) Structural models of defect-free and defect-rich structures. (C) Synthetic pathways to obtain the above two
structures. Adapted with permission from Xie et al. (2013).

solutions should not be too large to ensure that hydrogen or
oxygen evolution does not occur during reduction or oxidation,
respectively.

Catalytic properties of nanostructure not only depend on the
surface area but also on the surface facets. For a face-centered
cubic (fcc) lattice structure, surface facets such as {111}, {100},
and {110} can be classified as low-index facets (Figure 4A).
Nanocrystals usually form low index facets to minimize the
surface energy. On the other hand, nanocrystals with high
index planes show enhanced activities due to their higher
surface energy and lower coordinated atoms. Thus, controlling
the nucleation and growth process through synthesis can develop
high index surfaces for valuable applications. As an example, the
activities of high index facets of Pt, such as Pt (520), Pt (710), Pt
(310), etc., with large density of atomic steps and dangling bonds,
show a significantly higher formic acid oxidation rate than those
of low index facets (Tian et al., 2007). Thus, the need formation of
surface facets of a particular nanocrystal can be altered by
introducing foreign species into the system and the absorption
ability of the species on the metal surface can change the surface
energy. As the particle size shows a strong correlation with the
nanocrystal formation, the growth rates of various facets can be
controlled by selecting appropriate surface capping reagents.
Therefore, through capping agents, one can regulate the two
rates (nucleation and growth rates) as well as two mechanisms
(thermodynamic control and kinetic control) to obtain 1D or 2D
nanostructures by inducing either anisotropic growth or epitaxial
growth.

On a catalyst surface, not all sites are equally active. The active
catalyst sites are regarded as low-coordinated surface atomic sites,
including the low-coordinated atoms at terrace, steps, kinks,
edges, corners, vertexes, vacancies, defects, holes, and pits that
often favor catalytic reactions. Active sites can be strongly
correlated with the surface roughness of the electrode and the
number depends on the features of the surface and interface. A

metal surface can generally be of two types: 1) equilibrated metal
surface (EMS), which is well embedded, predominant, and stable
surface; and 2) metastable metal surface (MMS), which is
protruding, low-population, and high-energy surface. The
MMS atoms act as the surface-active sites in general because
these are prone to undergo reactions with the involved species at
low overpotentials (Lertanantawong et al., 2008). Active sites are
intuitively associated with the surface facets of the nanocrystal.
The metal surface is enclosed by different types of atoms whose
coordination numbers follow the order of face > edge > vertex
with the reverse order in terms of catalytic activity. For different
well-defined shapes, the variation of the surface facets can alter
the proportions of various surface atoms with various
coordinated states, affecting the catalytic properties
thereafter. Active sites are also related to surface defects and
vacancies as well as on the surface area and the particle size.
Breaking chemical bonds to endow atoms with low coordinated
states is beneficial to create active sites. Defect or vacancy on the
basal planes of the catalyst can increase the exposure of active
sites by forming cracks on the surfaces, and as a result, the
electrocatalytic activity may dramatically increase (Xie et al.,
2013) (Figures 4B,C).

Interfaces are formed when different phases or objects contact
each other. Thus, heterogeneous catalytic reactions can be
regarded as various interfacial effects. Engineering the interface
between the catalyst and electrode can potentially alter the
geometrical structures, and interfacial compositions, electronic
structure and electron transport, Fermi levels and band
alignments, proton transfer and species exchange, coordination
numbers and atomic arrangements, crystal structures and
dangling bonds, and selective adsorption and desorption,
which all have tunable and synergistic effects during the
heterogeneous electrocatalysis at the active sites of the
electrode catalysts (Xia et al, 2015). For instance, the Pt;Y
nanostructure can modify the d-band depth, surface
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FIGURE 5 | (A) Schematic illustration of the synthesis of 2d-metal oxide nanosheets, (B) LSV curves of the Cosz04 (black), NiO (red), CuO (green), FesO4 (yellow),
and RuO, (blue) electrodes recorded in 1.0 M KOH at a scan rate of 20 mV s™". (C) Plot of the OER onset potential: Reprinted (adapted) with permission from Elakkiya
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adsorption ability, and electronic structure to improve the oxygen
reduction reaction (ORR) performance (Hwang et al., 2012).

Electrocatalyst Modified Electrodes

When an electrode such as a piece of Pt or carbon is dipped into a
solution, its surface is then covered by a layer of water molecules
or species present in the electrolyte solution. Such adsorbed
species can often modify the electrochemical activity of the
electrode. Now purposely modified electrode surfaces can
produce electrodes with new and exciting properties that may
form the basis of new applications of electrochemistry (Murray,
1980) as we have already discussed a bit in the case of electrolysis
of water. In addition, many reactions that one would like to carry
out in electrochemical cells do not occur readily at inexpensive
electrode materials (e.g., carbon). Before the mid-1970s,
electrochemistry was confined only with electrode materials
such as C, Au, Pt, Hg, etc. Murray and co-workers initiated
the field of chemically modified electrodes (CME) by taking the
fundamental group transformation to SnO, and Pt-OH (Murray
et al,, 1987). That is why catalysis is important to enhance the
reaction rate by introducing suitable, stable layers to the electrode
surface. By applying known chemical principles about the
structure and reactivity, useful surface catalysts can be
developed for individual reactions considering the cost-
effectiveness and commercialization. One of such first

examples is the modification of a graphite surface by
irreversible adsorption of a co-facial dicobalt porphyrin dimer
which allowed the reduction of oxygen under conditions where
reduction was not possible on the substrate itself. The path was
sensitive to the detailed structure of the attached molecule. There
are four main possible routes for preparing CMEs: sorption,
covalently modified carbon, redox polymer coatings (uniform),
and heterogeneous multilayers (non-uniform). Physical and
chemical interaction properties are utilized for sorption-based
modified electrodes. Easy surface modification and functional
group attachment are the chief advantages of this approach.
Thiols’ self-assembled monolayer (SAM) of Au-chemisorbed is
a well-known example of this aspect (Chaki and Vijayamohanan,
2002). Using a specific functional group for covalent modification
of the electrode surface is also very important. For example, the
glassy carbon electrode (GCE) can form attachment with the
>C=0 and >C-0- functional groups and-OH groups from oxide
electrodes (Downard, 2000). Polymer-based multilayer CMEs
can resolve the lack of active components on the monolayer
electrode surface. There are two ways to prepare these:
homogeneous (uniform) and heterogeneous (non-uniform).
Non-uniform systems are created on heterogeneous supports
such as zeolite, SiO, (sol-gel), clay, carbon paste, epoxy resin,
phosphomolybdic acid (PMo,), and other polymeric systems
(Sadakane and Steckhan, 1998; Walcarius, 2001a; Walcarius,
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2001b; Kong et al, 2001).The uniform multilayer preparation
includes ionomers, inorganic polymers, redox polymers,
electrochemically deposition of mediators (metals or simple
metal complexes), and mediator bearing monomers (pyrrole
and amine containing complexes) (Murray, 1992).

Pure organic or organometallic complexes can be physisorbed
on porous carbon bases such as vitreous carbon (VCE), graphite
(GE), basal plane pyrolytic graphite (BPG), and ordinary
pyrolytic graphite (OPG) for the preparation of sorption-based
CMEs, by simply coating the electrodes with non-aqueous
solution followed by droplet evaporation. For example, the
pyridine solvent was used to modify cobalt phthalocyanine on
VCE with a surface coverage of ca. 3.1 x 10™"" mol cm ™ for nitrite
oxidative detection (Caro et al., 2002). Carbon nanotubes
(CNTs), having a honeycomb-like nano-lattice structure with
cylindrical closed topology, has unique absorption abilities for
special applications as catalysts, sensors, etc. (Baughman et al,,
2002; Haddon, 2002). Clay modified electrodes are other CMEs
that are prepared by dip-coating of the aqueous colloidal solution
(Baughman et al., 2002). GCE is quite unstable for such coating
due to its polished surface nature, and additional polymeric
systems are required for stability improvement (Zen et al,
2002b). The stability problems of physisorbed systems can be
overcome by the chemisorbed route. Due to the easy preparation
procedure of the self-assembly monolayer (SAM)/Au-oriented
system by simple soaking up the Au electrode in thiol (-SH) and
ethanol solutions, this kind of system carries great importance in
the chemisorbed studies. Some recent progress in analytical
chemistry using SAM/Au is cysteine for CO oxidation (Shi
et al, 2001), disulfide derivatives of vitamin B;, for ORR
(Viana et al., 2002), etc.

The surface functional groups of the base electrode can be made
to form covalent linkage either by controlling the oxidation/
reduction potentials or by the synthetic route in a suitable
medium. First examples of such functional group
transformation on the electrode surface are =Sn-OH and
=Pt—OH. The carbon surface has many alterable functionalities
and is hence very suitable for covalent modification (Downard,
2000). Aryl diazonium (Allongue et al., 1997), aryl acetate, and
amino (Deinhammer et al., 1994) are most viable for covalent
modification than other organic entities. For example, the
anthraquinone (AC)-grafted GCE surface (GC-AQ) in coupling
with the Auring disk electrode was used for the ORR (Tammeveski
et al, 2001). The GC-AQ has produced a defined potential at
~0.9 V (vs. SCE) in 0.1 (M) KOH with I' 4 = 2.5 x 10~"° mol.cm—>.
4,5-dihydroxyAQ-2-carboxylic acid modified GCE was prepared
by the simple potential electrochemical cycling method in pH = 3
solution for its use in the reductive detection of hemoglobin at
-02V (vs. Ag/AgCl) (Zhang et al, 2002). These were further
modified by the solution phase synthetic method with exfoliating
graphite (EC) powder to form covalently modified AQ-EC
(Ramesh and Sampath, 2001).

Oyama and Anson first utilized the plan to modify poly (4-vinyl
pyridine) (PVP) on the carbon surface for the ion exchange of
ferrocyanide ions in acidic solutions (Oyama and Anson, 1980).
Thus, the modification of specific ion-exchange membranes or
polymers on the electrode surface is a very interesting branch in
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electrochemical analysis, where the system allows the ionic species
to incorporate as counterions inside the galleries. The cationic
exchange membrane Tosflex was applied in analytical applications
that have analog backbone like Nafion (Dunsch et al., 1990), as
PVP and Nafion were extensively utilized for various applications.
Selectivity is an essential criterion for sensors, and ionomeric
systems can also be used for sensing charged species other than
catalytic activity. Electrochemical depositions of monomeric units
under potential cyclic conditions or by galvanostatic/potentiostatic
methods opened another elegant way of preparing electrodes with
homogeneous multilayer CMEs. A bare polymeric system or pure
organic polymer without any metal and metal complex can
successfully participate in the electron transfer reactions such as
the formation of nitronium or oxonium radicals as a typical
example. In this category, Nile blue was used for the ORR and
oxidation of NADH (Ju and Shen, 2001). Electrochemical co-
deposition is another popular area to utilize to form uniform
multicomponent films. Besides organic sources as modifiers,
simple metal plate electrodes can also be applicable for these
applications. A  disposable copper-plated screen-printed
electrode (SPE) (i.e, CuSPE) was invented by Zen et al. for the
detection of H,O, (Zen et al., 2000a), which was modified further
with glucose oxidase for glucose sensing (Zen et al, 2002a).
Inorganic polymers are also looked at with equal interest
towards potentiometric and amperometric sensing. Prussian
Blue (PB), known for more than 250 years, was first utilized in
electrochemistry in 1978 for various applications (Karyakin, 2001).

In heterogeneous multilayer CMEs, the solid supports are
deliberately combined with the mediator system in a non-
uniform way. Carbon paste electrode (CPE) is prepared simply
by mixing binder paste/graphite and redox mediator and it is
the most convenient to make among others. This procedure
can be utilized to make enzymatic clay and zeolite-modified
electrodes. One such example of this utilization is the MB,
methyl viologen (MV), and benzyl viologen (BV)-modified
zirconium phosphate electrode for NADH oxidation
(Munteanu et al., 2001). This approach is also suitable for
preparing multiple integrated systems. Lev’s group introduced
carbon-ceramic composite electrodes (CCEs) as a modern
technique to prepare stable multilayers (Tsionsky et al,
1994). Later, the CCE system was extremely introduced for
analytical purposes (Wang et al, 1997). In the CCE
preparation route, mediators were first mixed with SiO, first
in an appropriate ratio with alcohol and dilute HCI, sonicated
for a couple of minutes after mixing it with carbon powder.
Then it was converted into a suitable electrode by filling in a
glass tube or by coating on conducting support. Other
applications include making of an ethanol sensor out of
alcohol oxidase enzyme (AOx) (Boujtita et al., 2000), a
phenol sensor by the mixture of graphite, acetyl cellulose
acetate (ACA) with ferrocene and pseudomonas bacteria
(Skladal et al., 2002), an H,O, censor by PVA, etc. (Wang
and Dong, 2000). Industrially iron-enriched waste cinder
(CFe*) was also reported as a useful host to form the stable
hybrid {CFe*- Fe(CN)} derivatives directly inside the matrix by
potential cycling with cyanometallate in pH = 2 KC/HCI
solutions (Zen et al., 2000b). Hence, from these chemical
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modification types of the electrodes, we get to know the many
potential applications already discovered for various analytical
applications for multiple purposes and realized that this can
play a key role for new inventions in the near future.

SURFACE ENGINEERING FOR
ELECTROCATALYTIC WATER OXIDATION

Hence, after all the discussions related to electrode materials,
electrode designs and geometry, and the electrocatalysts, we can
describe what the ideal electrode design should be for successful
water oxidation and OER. As we already know, the working
electrodes play a critical role in determining the performance and
greatly influence the reaction rate due to their unique structure,
degree of wettability, and access of catalyst to an electrolyte. For
example, flat surface electrodes like glassy carbon allow the single-
way penetration of the electrolyte that limits the catalysis only on
the surface of the catalyst, whereas 3D electrodes like carbon cloth
allow multiple pathways for electrolyte penetration from all sides
of the catalyst and involve all the materials in the catalytic
reaction (Dou et al, 2016; Tahir et al, 2017).They all have
advantages and disadvantages like glassy carbon electrodes are
easy to handle and widely used in the literature but offer only
limited access to the catalyst. Thus, in this section, the discussion
will be regarding the type of electrode surface morphology and
catalyst property that will make water oxidation most feasible.

Surface Area

Heterogeneous catalytic reactions, in general, occur on the surface
of the electrode. Therefore, we already realized that a large surface
area would be advantageous for catalytic reactions. We can apply
four different methods to increase the surface area of a catalyst.
Decreasing the size of the particle can dramatically boost the
surface-to-volume ratio, thus increasing the effective surface area
without altering the total electrode area. This is one of the most
important reasons to widely use the size-control strategy in
heterogeneous catalysis. If we can decrease the surface
nanostructure size by 2 nm, their surface-to-volume ratio can be
increased to 80%. The other approach is to synthesize catalysts into
thin-layer 2D nanostructures (such as 2D nanosheets and 2D
nanoplates). This also has the same effect to increase the
surface-to-volume ratio of catalysts. Metal oxides and metal
chalcogenides can be used for this specific purpose of 2D
nanostructures for the optimized synthesis and design of the
electrode, and these materials are proven to be useful to improve
the surface area, active reaction sites, flexibility, and dispersion (Du
et al, 2019; Elakkiya and Maduraiveeran, 2020); (Figure 5).
Another approach is to increase the roughness of the catalyst
surface nanostructures to form convex, concave, pilcated, or
cracking rough nanostructures. These types of unique structures
with morphologies analogs to flowers, dendrites, tapers, multi-pods,
stars, starfishes, islands, and cactuses can naturally promote the
effective surface area for catalytic performance enhancement
(McCrory et al, 2013). The last way is to manufacture hollow,
porous, or mesoporous nanostructures (nanotubes,
frameworks, nano-boxes, and metalorganic

nano-
nanocages,
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framework) with porosities that not only can increase the
number of active reaction sites and the specific surface areas but
also efficiently accelerates the transportation and exchange of
species of the catalyst surface (Lv et al,, 2015; Wu et al, 2018).
Besides all these means, 3D nano-porous structures of noble metals
and their alloys can be prepared through the methods of
electrodeposition, templating, annealing, de-alloying, in-situ
synthesis, and galvanic replacement and modification for various
electrocatalytic applications (Lu, 2019).

Low-Index Facets

Surface facets influence the surface morphology and activity to a
great extent due to different atomic arrangements of various
facets. For example, in the case of an fcc noble-metal crystal, the
low index facets generally are {111}, {100}, and {110} with their
surface energies already stated as y{111} < y{100} < y{110} (Fang
et al., 2015). The activities of different surfaces depend on the
reaction type and reaction media. For this purpose, to utilize here,
we can use the acquisition of metal nanocrystals bound by
different low-index facets with comparable sizes. This will
allow us to investigate the facet-dependent effects free from
size-effect interference. To give an example to illustrate, we
can take Pd nano-crystals, which can be Pd nano-cubes
enclosed by {100} facets and Pd octahedrons enclosed by {111}
facets. The sizes of the nanostructures here can be controlled by
applying etching techniques or reaction times. The Pd {100}
surface can better activate oxygen species during reaction
(Toyoshima et al., 2012); thus, this facet is significantly more
active in electrode catalysis than the Pd {111} facet. Low-index
facets can also be made catalytically active by tuning the particle
sizes of nanocrystals on the electrode surface to alter the surface
area. The size effect can influence the reaction rate, like with the
shrinkage of the particle size, reaction rate and efficiency increase
due to the boosted surface to volume ratio. The size control can
provide an excellent platform for the investigation of size-
dependent catalytic activities in various reactions for catalytic
efficiency improvement, most of the times by reducing the
particle size for a more exposed surface area.

Another evaluation of low-index facets includes assessing the
effect of electrical contact between low-index facets and
electrodes on electrocatalytic performance. Low contact
resistance supports the electrode’s high efficiency despite being
consist of low-index facets. Sometimes this can even outperform
high-index facets despite having higher surface energy. As an
example, Pt multi-cubes with {100} facets (high coverage) achieve
high catalytic activity (ORR), which can be comparable to Pt
multi-pods with high-index {311} facets (Ma et al., 2015).

High-Index Facets

We have already examined that high-index facets have much
higher surface energy and catalytic activity than low-index facets,
which usually act as distinct catalytic active sites for breaking
chemical bonds. Electrocatalysts for metal electrodes can be
synthesized with well-defined morphologies and high-index
facets to exhibit significantly enhanced catalytic performance.
These types of nano-crystals can be classified into monometallic
and multi-metallic nano-crystals. For instance, unique Pt
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nanocrystals with high-index facets (tetrahexahedrons/concave
polyhedrons/concave nano cubes) show improved catalytic
activity in many aspects (like ORR) (Luo et al., 2018). High-
index facets possess a large number of steps, kinks, edges, corners,
terraces, and vertexes, so they have more low-coordinated active
sites on the surface to enable high electrocatalytic activities. Thus,
the preparation of high-index facets can act as the solution to
many electrocatalytic problems of metal nanocrystals. Oxidation
etching can be used to introduce high-index facets with branched
nanocrystals. The modification of etching strength can tailor
several important parameters in the synthesis including,
structure of seeds, the growth sites on the seeds, and the rate
of atomic addition on the seeds (Xia et al., 2017). Therefore,
tunable branched structures with tripods, tetrapods, hexapods,
and octopods can be obtained. In the case of Pt, hexapods and
octopods have higher active surface areas and roughness than
those of Pt/C catalysts. Generally, these multi-pods have activity
orders: octopods > hexapods > tetrapods > tripods (Ma et al,
2012). The superior electrocatalytic performance of octopods is
ascribed to their high densities of stepped surfaces. Uneven
anisotropic growth can also introduce high-index facets. The
electrocatalytic performance of nanocrystals is usually increased
in the order: octahedrons < nanowires < nanocubes < nanotapers.
Nanotapers have the most densities of high-index facets, thus
most active in electrochemical reactions (WANG et al., 2013a).

Fabrication of Multi-Metallic

Nanostructures

Electrocatalytic reactions can also occur at active sites on the
interface besides the surface of the electrode. The interfaces are
the sites relating to the species exchange, electronic structure,
and charge transport. Thus, the interface design is crucial for
good electrocatalytic performance. For exposed interfaces,
these can also act as the active sites for the reactions. Now
hybrid and alloys are two different types of multi-metallic
nanostructures, having different electronic structures, atomic
arrangements, functional sites, d-band depths, and
compositions. By using this method, we can reduce the
usage of costly metals like Pt by preparing multi-metallic
nanostructures with similar or better activity (Zhang and
Wollner, 2018; Li et al.,, 2021). Now, we already know that
hybrid materials possess high-index surfaces with high surface
energy for effective catalytic activity. Thus, we can fabricate
high-performance and low-cost catalytic electrodes through
controllable growth of noble metals on the surface of the base
electrode by simply modifying the surface and interface
conditions. Alloying represents another approach to control
the performance through tuning of atomic interfacing.
Alloying can be used to prevent the oxidation of any metal
nanostructure by mixing with it any passive metal. For
example, Cu nanocrystals cannot survive from oxidation but
alloying it with platinum to give Cu,Pt;oo_x improve the
chemical stability, catalytic activity, and positive shifted the
overpotential (Zhao et al., 2015).
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2D Materials

2D materials may have prominent geometrical, thermal,
mechanical, and electrical characteristics along with excellent
solubility, adhesion, and dispersion altogether. Thus,
graphene-like 2D materials can be used as support to fabricate
unique hybrid structures to achieve optimized electrocatalytic
performance (Zhao et al,, 2019). These materials can also exhibit
synergistic effects. Modified 2D hybrid materials can enhance
electron conductivity, promote catalyst electrode adhesion, and
suppress the agglomeration and oxidation erosion of catalysts
(Fang et al., 2020). Through the fast development of 2D materials,
the main challenge is to synthesize them properly and later
stabilize them for the application, as metal atoms have strong
preference to form-closed packed crystal structures in three
dimensions. Recently, development has been made to
synthesize nanosheets and nanoplates of Pd, Rh, Ru, Ag, Au,
Pt-Cu, etc., with catalytic and optical applications, which has
increased the possibility of fabricating 2D metal structures
(Saleem et al., 2013; Fan et al.,, 2015).

Interfacial Polarization

Charge on the surface can affect molecular adsorption on the
surface and promotes species-catalyst charge transfer, and thus is
a very important parameter in this regard. Polarization can tune
the surface charge state of catalysts among the other approaches
adopted. An example of this kind is graphene doped with
nitrogen due to the electronegativity difference of N and C.
polarization can be induced by external electrical field or
ferroelectric substrates and charges accumulated at the
interface can be extended to the surface, modifying the surface
charge state of catalysts as a surface polarization (Shao et al., 2010;
Wang et al., 2010). In a hybrid structure, the contact of two
different metals has different work functions, which can cause a
flow of electrons from one metal to another to equilibrate the
electron Fermi distribution and induce polarization at the
interface. Thereafter, reducing the distance between the
polarized interface and reactive surface can cause
accumulation of a particular charge on the surface, which may
help in water oxidation. Thus, tuning the thickness to the effective
level is very important to achieve effective surface polarization
(Lin et al., 2018).

Surface-State Passivation

The high density of surface states mainly due to crystalline defects
is found in many semiconductor electrodes used for water
oxidation. Although these may possess good charge transfer
kinetics, the surface states are generally considered detrimental
for OER electrodes because these may attract the movement of
electrons toward the surface and act as traps for charge
recombination at the surface. This can cause a shift in the
overpotential value. Therefore, these are highly needed to be
passivated in order to improve the OER performance. For
example, CoPi, FeNiOx have been reported to -effectively
passivate the surface states of hematite for better water
oxidation (Du et al.,, 2013; Thorne et al., 2016).

Frontiers in Chemistry | www.frontiersin.org

May 2022 | Volume 10 | Article 861604


https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Sen et al.

Catalytic Efficiency Preservation
The conversion or deactivation of oxygen evolution catalysts can

be the major concern for long-term operation. Moreover,
depositing a thick layer of catalysts may not solve this
problem but can give rise to the issue of catalyst overloading
and slow down the reaction due to undesired charge
recombination on the surface. This problem can be solved by
in-situ catalyst regeneration to selectively deposit new catalyst
where the catalytic activity decreases due to the loss of catalyst to
preserve the high catalytic efficiency of the electrode. In
combination with this corrosion inhibition property, more
stability can be given by high-temperature annealing enabled
by doping another metal into the base electrode metal. Life span
and solar to hydrogen efficiency (STH) efficiency are the most
important parameters affecting the economic feasibility and
energy metrics (Sathre et al., 2014; Kuang et al., 2017). Many
materials used for water oxidation are unstable for water
oxidation due to their surface corrosion/dissolution. One such
solution to this problem is to apply water oxidation catalysts to
efficiently extract charges to reduce the probability of surface
oxidation by the accumulated charges (Abe et al., 2010). We can
also design the reaction in such a way as to change the catalytic
pathways to suppress the generation of harmful products. Still,
the working electrode is partially exposed to the solution because
these electrodes are either made of scattered nanoparticles or
porous films permeable to the electrolyte solution. A more
effective solution is to protect the electrode surface by
completely separating it from solutions using dense solid films.
These protective layers should ideally not allow the permeation of
electrolytes, conduct holes to facilitate charge transfer, and form
good quality junctions with a large barrier height. These
protective layers can be prepared by atomic layer deposition
(ALD) and sputtering techniques (Hu et al., 2014; Mei et al., 2014;
Hu et al,, 2015; Kuang et al., 2017).

RECENT ADVANCES IN IMPROVING OER
CATALYSTS

Electrocatalysts are catalysts used in electrochemical reactions
(reactions that include at least one outer-sphere electron transfer
event for the occurrence of overall chemical transformation) to
facilitate the reaction process. An electrocatalyst can either
perform its functions on the electrode surface or act as the
electrode itself (Suen et al, 2017). Without being consumed,
electrocatalysts can increase the speed of the reactions by
lowering the energy barrier for the electrochemical reactions.
Generally, the main function of the electrocatalyst is to adsorb
reactants on the surface to generate adsorbed intermediate. This
process facilitates the charge transfer between the reactant and
electrode (Suen et al, 2017).Thus, electrocatalysts reduce the
potential required for electrochemical transformation.

The performance of an electrocatalyst for electrochemical
water oxidation can be evaluated based on three key
factors—1) activity, 2) stability, and 3) efficiency. The activity
of electrocatalysts can be explained in terms of overpotential,
Tafel slope, and exchange current density. Polarization curves
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help to know about these parameters. ECSA (Electrochemically
Active Surface Area) is also another parameter that influences the
catalytic activity of the electrocatalysts. Stability is one of the
important parameters for describing the ability of an
electrocatalyst to maintain its original activity over a long
range of time. It can be assessed by recording the changes of
the overpotential at a particular current density or by recording
the variation of current density under a fixed applied
overpotential, over a period of time. Another parameter that
plays a significant role in evaluating the performance of an
electrocatalyst is its efficiency, which is characterized by
Faradaic efficiency and turn-over frequency.

Electrochemical water splitting is a clean and sustainable way
to produce both hydrogen and oxygen through the use of
renewable such as solar or wind (Debe, 2012), during which
the OER takes place on anode through oxidation and HER takes
place on the cathode through reduction. (Wang et al., 2019). In
OER, molecular oxygen is produced via several proton/electron
coupled procedures (Busch et al., 2016).The reaction can be very
sensitive to pH. Two water molecules are oxidized into an oxygen
molecule (O,) and four protons (H") basically in acidic and
neutral conditions, while H,O and O, are generated in the basic
condition by the oxidation of hydroxyl groups (OH ). As we
know, a potential difference of 1.23 V is required to drive the OER
reaction, according to the Nernst equation; a unit shift in pH can
shift the reaction potential approximately 59 mV. OER requires
the transfer of four electrons, and a kinetically favorable OER
process occurs through multi-step reactions with single electron
transfer in each step. Therefore, the accumulation of energy of
each step makes OER kinetics very sluggish that results in large
overpotential for the process. This is where the need for
electrocatalyst emerges again to overcome the energy barrier
by increasing the electrode activity (Gorlin and Jaramillo,
2010; McCrory et al.,, 2013).

Noble Metal-Based Materials

Molecular transition metal-based catalysts are of particular
interest for water oxidation. Brudvig and co-workers
specifically focused on Mn, Ru, Ir, Fe, and Co (Blakemore
et al, 2015).Ru, Ir, Pd, and Pt also show good catalytic activity
toward OER. Jaramilo and co-workers have also revolutionized
the use of Ru- and Ir-based electrocatalysts for efficient oxygen
evolution reactions (Seitz et al., 2016; Strickler et al., 2019; Hubert
etal., 2020); (Figure 6). To decrease the usage of precious metals,
it is very important to rationally design specific topological and
electronic structures of catalysts to achieve satisfactory activity
and stability(Xie et al., 2019). Noble metals and their alloys,
oxides, and composites are among the most-studied catalysts for
water oxidation for their excellent performance for OER.
Experimental evidence shows that Ir and Ru are more active
towards OER than Pt or Pd (Ru > Ir > Pd > Pt)(Jiao et al., 2015). Ir
and Ru are recognized as the state-of-the-art water oxidation
electrocatalysts with relatively low overpotential and Tafel slope
as well as superior stability (Danilovic et al., 2014), though Ru has
comparative less stability. The 3D superstructure with Ir was
recently developed containing ultrathin nanosheets, and the
excellent catalytic activity of the electrode was seen in both
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FIGURE 6 | Forward sweep of first (A) and 10th (B) CV of ruthenium-based catalysts. Reprinted (adapted) with permission from Hubert et al. (2020). Copyright
2020 American Chemical Society. Electrochemical OER activity of electrochemically oxidized Ir, IrSny, IrCr, IrTi, and IrNiin 0.5 M HoSO4. (C) Geometric current density
Tafel plot. (D) DLC-normalized specific activity. Reprinted (adapted) with permission from Strickler et al. (2019). Copyright 2019 American Chemical Society.

acidic and basic media, even better than Ir NPs (Pi et al., 2016).
Considering the oxides, iridium oxide (IrO,) and ruthenium
oxide (RuQO,) are the most promising for OER (Ledendecker
et al,, 2019), though RuO, NPs have slightly higher intrinsic and
mass OER activities than IrO,. Recently, the activity trends of
noble metal-based materials have been identified: Ru > Ir = RuO,
> IrO,, while the dissolution trend is as follows: Ru >> Ir > RuO,
>> IrO,. Thus, oxides have more potential applications with
better stability and good activity here as metal dissolution is very
much higher in both the acidic and basic medium. In spite of
having substantial applications as efficient OER electrocatalysts,
these materials suffer from high cost, unsatisfactory long-term
stabilities, and limited compositions or morphologies that further
calls for through investigation in designing robust noble metal-
based materials for OER electrocatalysis (Shi et al., 2019).

Earth-Abundant Transition Metals

Earth-abundant transition metal oxides have low costs, plentiful
sources, and good corrosion resistance, and that is why their
application has increased so much in the field of electrocatalysts
(OER/HER/ORR). Their multivalent oxidation states

(M*™2/*3*%) ‘make them excellent candidates for OER by

providing the active sites for reaction (Risch et al., 2015).
The OER activities of these materials are highly dependent
on composition, oxidation state, morphology of the surface
oxygen binding energy, the 3d electron number of transition
metal ions, and the enthalpy for the lower- to higher-oxide
transition (Yang et al., 2014). The intrinsic activity of individual
active sites is dictated by their electronic structure. Cationic
(e.g., Ni, Fe, Co, Sn) and anionic (e.g., O, S, OH) regulation is
revealed to be a promising method for transition metal
compounds to alter the electronic structure and generate
high activity (Tang et al, 2018). During OER, phase
conversions of Co-based materials, such as oxides to
hydroxides or oxohydroxides, play a major role besides the
multiple valence states. Wang et al. specified that the activity of
Co30, largely depends on the morphology, surface area, and
oxidation state (Wang et al., 2014). Mesoporous Co;0,
nanowires have a high surface area leading to more active
sites, and the oxygen vacancies in it enhance the electrical
conductivity due to the formation of new states through the
delocalization of the Co-O bonds (Figures 7A,B).
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Similar to cobalt oxide, great efforts have been made to
improve the activity of NiO by tuning the particle size, surface
area, and surface micro-structure (Han et al., 2016a) (Figures
7C,D). Ni’" is very active as the higher oxidation state for
OER. Ultra-small crystalline NiO NPs are fabricated using
solvothermal reaction to form Ni’* on the surface due to the
small particle size of NiO. Therefore, the reactivity normally
increases with the surface energy in the order {101} > {113} >
{100} for NiO facets (Zhao et al., 2016). The oxides of
manganese are other candidates to display excellent water
oxidation activity. The catalytic activity again is dependable on
the crystallographic structure, morphologies, pore structure, and
chemical compositions. The good OER activity of manganese
oxides in alkaline solution (Gorlin and Jaramillo, 2010) is
mainly attributed to the nanostructured nature expediting the
occurrence of suitable Mn,O, active sites at the related
potentials. The order of activity of different crystal structures of
manganese oxides is a-MnO, > amorphous MnO, > $-MnO, >
a-MnO, (Meng et al., 2014). Mixed metal oxides, like NiCo,O,, are
very efficient for electrocatalysts for high electrical conductivity
and excellent electrochemical activity. Hollow, porous, and
complex 3D structures (NiCo,O,) also have a very positive
effect on the water oxidation activity (Han et al., 2016b) due to
the penetration of the electrolyte and sufficient contact area
between the electrolyte and reactants. Mixed Ni-Fe
electrocatalysts are also widely studied for electrocatalytic

activity in alkaline solution (Gotlin et al, 2016). LiCoO, has
also attracted considerable attention in OER for its stability and
good activity, cubic NPs of which exhibit great water oxidation
ability in neutral and basic electrolytes in all means (Chen et al,
2016).

Hydroxides

Hydroxides generally have cationic brucite-like layers separated by
charge balancing interlayer anions, and this open structure helps in
fast diffusion with a rapid proton-coupled electron structure. Thus,
the easy availability of catalytic active sites gives rise to a good
electrocatalytic activity. The layered structure also allows the
intercalation of water molecules and anions, providing better
bulk redox activity. The typical hydroxide of water oxidation is
Ni(OH),{a and fB}. For better stability and activity in alkaline
solution, «-Ni(OH), is more suitable for this purpose than
B-Ni(OH),. Subbaraman et al. have found the following trend
of 3d metal hydroxides with defined morphologies and
stoichiometric ratio: Mn < Fe < Co < Ni (Subbaraman et al., 2012).

Perovskites

Perovskites, having the general formula ABO, with alkaline earth or
rare earth metals (A) and transition metals (B) in their composition,
are very important for OER due to flexibility in their composition and
structure (Zhu et al.,, 2016). CoSn(OH)g perovskite nanocubes can be
electrochemically carved in such a way to make it extremely active for
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OER (Song et al., 2016).Crystal vacancies play a significant role in the
construction of active catalysts. The activity of transition metals
shows a volcano-shape necessity on the tendency of 3d electron
and e, symmetry in the oxide of the transition metal. The highest
OER activity is expected at e; occupancy very close to unity with high
covalency of metal-oxygen bonds. Fabricated Bag 5Sro5CogFeq20;-
(BSCF) obtained higher OER activity than IrO, in an alkaline
medium (Suntivich et al., 2011).

Metal Phosphides/Phosphates

Transition metal (Ni, Co, Mn) phosphates are more stable in oxidative
environments than the oxides mainly because of their flexible
structural natures as well as different orientations of the accessible
phosphate groups in their crystals (Zhang et al, 2016). The main
participant in this category is Co-based phosphates/phosphides (CoP,
Li,CoP,0;, Na,CoP,0;, NaCoPO, and LiCoPO,). Serving as a
working electrode, well-defined mesoporous CoP nanorod arrays
on Ni foam display good OER activity (Zhu et al, 2015). The
electrode is found to have excellent electric interconnection along
with better mass transportation. Cations and anions significantly
optimize the electrocatalytic activity by enlarging the active sites in
the electrode and have important roles in overall water splitting (Duan
et al, 2016). Thin films work more efficiently than pasting catalyst
materials into electrodes or fabricating directly into some support such
as Ni foam or carbon cloth because the deactivation by mechanical
shredding or poisoning from the supporting materials can be
prevented in this way. For example, Yang et al. made a diverse-
phased porous Co phosphide/phosphate thin film that functionalizes
directly as a working electrode. Similar to CoP, Mn and Ni based
phosphides (NiP, Ni,P, MnP, CoMnP, etc.) are also studied for their
water oxidation activities (Yang et al., 2015). Carbon-coated porous
NiP (Yu et al, 2016) exhibits much better stability and excellent
activity by improving the conductivity as well as charge transfer ability
than MnP. In addition, MnP is not stable under oxidizing conditions
due to the oxophilic nature of Mn. Recently, their performance are
enhanced to much extent through the modulation of porosity,
morphology, and combining with different materials (Stern et al,
2015). Furthermore, electrochemical studies show that oxygen
evolution from Co-Pi prepared by electrodepositions from Co*
solutions in phosphate electrolytes involves a turnover-limiting
chemical step that is preceded by a one-electron, one-proton
PCET equilibrium step (Surendranath et al,, 2010).

Carbonaceous Materials

Carbon-based materials, such as carbon nanotubes (CNTs),
nanocarbons, graphenes, and mesoporous carbons, have been
found very much active for electrocatalytic oxygen evolution
reactions. They have a large specific surface area and excellent
electrical conductivity along with good stability, making them
perfect candidates for OER. Their performance can be further
enhanced by shaping the geometrical and electrical structure of the
electrode and doping materials such as N, S, P, B, O, etc,, in the
electrode material. Carbon atoms, bonding to electronegative oxygen
or nitrogen, are positively charged. These positively charged carbon
atoms adsorb OH through charge transfer and accelerate the
recombination of intermediates such as O,” and O,> to form
oxygen gas and thus decrease the activation energy for the process.

Electrocatalytic Water Oxidation: Lab-to-Market Translation

Basically, the rational control of the electronic structure, strong
chemical synergetic effect, and carbon defects prompted by the
external carbon atoms enhance the activity (Yu X. et al,, 2016). In
nitrogen-doped carbon nanomaterials, Zhao et al. reported that the
active sites for OER activities were pyridine and quaternary N (Zhao
et al,, 2013). Co-doping in carbon materials is another significant
method, and Chen et al. reported the synthesis of N, O co-doped
graphene carbon nanotube (NG-CNT) hydrogen film, which shows
high OER activity overtaking IrO, (Chen et al., 2014) with robust
stability in alkaline and acidic solutions. Yu et al. conducted the
experiment with N, S co-doped graphite foam (NSGF), which is
directly used as an electrode without any polymeric binder. It showed
fast kinetics and lower overpotential than N-doped graphite foam in
alkaline solutions (Yu X. et al,, 2016). Ma et al. designed the fabrication
of g-C5N, nanosheets—carbon nanotubes to have a strong composite
for water oxidation possessing high nitrogen content, easily tailorable
stricture, and low cost (Ma et al., 2014a).

Hybrid Nanostructure

The hybrid materials used for water oxidation include carbon
material-based, Graphene-based, g-C;N,-based, and many others
for their high carrier mobility and long-term durability (Zhu et al,
2017). The interface should be strong between the catalyst materials
and working electrode for high performance. Co;0, nanosheets are
deposited on carbon paper (Co;0,4-CP), which shows high catalytic
activity towards water oxidation in 0.5 M H,SO, with an excellent
overpotential of 370 mV and amazing stability. For increasing the
interface-contact strength, Co3O4-carbon porous nanowire arrays
are prepared through carbonization on the Cu foil (Ma et al,
2014b). Carbon-hybrid materials can also be made by layer double
hydroxide, such as the fabrication of nanoplates of crystalline
ultrathin Ni-Fe layered double hydroxide in multi-walled carbon
nanotubes (Gorlin and Jaramillo, 2010). Nitrogen-doped hybrids
based on phthalocyanines and porphyrins are also fabricated to
boost the OER (Masa et al., 2014). High conductivity, large surface
area, and atomic thinness make 2D carbon material graphene a fit
substance to make composites with other transition metal oxides/
hydroxides/sulfides for water oxidation OER. It can minimize the
agglomeration of other nanoparticles to enhance the stability of the
electrode. One such example of its use is crumpled graphene-cobalt
oxide nanocrystal hybrids, which can fully utilize the catalytic
surface area through the minimization of agglomeration of
graphene sheets (Mao et al, 2014). Because of high nitrogen
content and amazing stability together with graphene alike
structure made g-C;N, popular for hybrid OER electrocatalysts.
Hybrid cobalt-hydroxide nanowires coated with graphitic carbon
nitride nanosheets (Tahir et al, 2016) demonstrate a low
overpotential of 320mV at 10mA cm > for water oxidation
(Figure 8), showing better capabilities than Co(OH),, IrO,,
RuO,, and g-C;N4 Core-branch hydroxysulfides like
Co,NiS, 4(OH), , also exhibit superior OER performance, with a
remarkably low overpotential (279 mV required for 10.0 mA cm ),
a low Tafel slope (52mV dec™'), and a favorable long-term
stability(Wang et al., 2019). Spatially confined hybridization of
nanometer-sized NiFe hydroxides into nitrogen-doped graphene
frameworks is also found to exhibit superior OER activity (Tang
et al.,, 2015).
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FIGURE 9 | (A) Construction of an artificial leaf. The photosynthetic membrane is replaced by a Si junction, which performs the light capture and conversion to a
wireless current. The oxygen-evolving complex and ferodoxin reductase of the photosynthetic membrane are replaced by Co-OEC and NiMoZn OER and HER catalysts,
respectively, to perform water splitting. Reprinted (adapted) with permission from (Nocera, 2012). Copyright (2012) American Chemical Society. (B) Photo-oxidation of
water by a bismuth vanadate photoanode coupled with an iron oxyhydroxide oxygen evolution catalyst. Reprinted (adapted) with permission from Seabold and

Photochemical Water Oxidation
The earliest reported semiconducting material for this purpose is TiO,

for PEC water oxidation, which can stably oxidize water without any
surface modification (Wang et al.,, 2013b), but it generally absorbs in
the UV region, thus making its solar conversion efficiency insufficient
for practical use. For water oxidation, most of the active
electrocatalysts need an overpotential of around 0.2V (McCrory
et al,, 2013). Surface-active sites for hematite electrodes to produce
O, or H,0, depend on the surface hole density. Amorphous and

disordered catalysts, formed by electrodeposition or some low-
temperature method, are more efficient for photocatalytic water
oxidation due to their higher permissibility for the electrolyte.
Dense catalysts form buried junctions, and the performance of the
modified electrodes is then limited by Fermi-level pinning. Norcera
et al. developed an electrodeposited “CoPi” catalyst for using it in
various photoanodes due to the ease of deposition and high activity
(Nocera, 2012); (Figure 9A). Fe doping in Co- and Ni-based OER
electrocatalysts has emerged as the improved version for the problem
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FIGURE 10 | Product oxygen maker, OM REDOX; the left and right sides present the front and side view of the prototype.

of the low-bias performance of BiVO, electrodes (Morales-Guio
etal,, 2016). The PEC performance of photoanodes is sensitive to the
thickness of the catalyst on the electrode surface if the catalyst is
charged during decomposition for nanostructured electrodes with
large surface areas. FeFOOH provides an example to show much
better stability for both planar and nanoporous BiVO, electrodes
than Co-based catalysts (Seabold and Choi, 2012); (Figure 9B) as a
thick layer of catalyst can increase significantly the chance for the
forward electron transfer of electrons, resulting in a severe surface
charge recombination. The recently developed champion for
electrochemical water oxidation is ternary FeCoW oxyhydroxide,
and its high catalytic activity is ascribed to a synergistic interplay
between tungsten, iron, and cobalt (Zhang et al., 2016). Some other
promising materials for photoelectrochemical water splitting include
SnNb,Og, TasNs, BaTaO,N, Si, GaAs, CdTe, etc.

TRANSLATING ACADEMIA TO INDUSTRY:
OM-REDOX, AN OXYGEN GENERATING
DEVICE BY SOLAIRE INITIATIVE

PRIVATE LTD

In recent years, water oxidation reaction and, more
specifically, oxygen evolution reaction have become a hot
avenue for translating knowledge from academia to
industry because of its widespread industrial applications
in water splitting, rechargeable metal-air batteries, and fuel
cells. Research is being performed to develop efficient
electrocatalytic systems for these reactions, which can meet
the industrial requirements of current densities of
>500 mA cm™ > at overpotentials of <300mV with long-
term stability (Yu et al., 2021). Of late, water electrolysis
has emerged as a reliable and eco-friendly way to produce
high purity H, which is an environmentally benign energy
carrier and feedstock for diverse applications, ranging from
chemical industry to transportation, and power sectors. Over
the past few decades, Ir- and Ru-based oxide electrocatalysts
have been widely used in industrial proton-exchange
membrane water electrolyzers (Li et al., 2020). However,
their high cost, as well as limited supply, restricts their
applications, ~which makes non-precious-metal-based

catalysts [e.g., oxides (Song et al, 2018) and (oxy)
hydroxides (Yu et al., 2021) of first-row transition metals]
great alternatives for the job. Among various electrochemical
energy storage systems, metal-air battery presents very high
theoretical energy density (e.g., the specific energy density of
lithium-air battery is 40.1 MJ/kg, almost approaching to
40.6 MJ/kg of gasoline) (Gao et al., 2016). Li-air batteries
have emerged as a potential replacement for Li-ion batteries in
automotive applications. Research has been going on to
develop novel material for core elements (porous carbon
for air cathodes, catalysts, electrolytes, oxygen selective
membranes, protected Li-metal) to make air-stable Li-air
cells (Park et al., 2012). Efforts are also being made to
develop bifunctional electrocatalysts to lower the
overpotential of ORR and OER during the discharging and
charging processes, which will help us to understand the full
potential of this technology which is still arguably in its
infancy (Vazhayil et al, 2021). A fuel cell is an
electrochemical device that converts chemical energy to
electrical energy. Among various available types of fuel
cells, solid oxide and reversible fuel cells are more popular
because of their ability of energy storage and fuel resurge,
respectively. OER, being a part of the water electrolysis
process, becomes important for developing these platforms.
On the other hand, electrochemical water oxidation reaction
also presents a feasible option to produce highly pure oxygens
for medical and industrial purposes. According to WHO,
during the ongoing COVID-19 pandemic, more than half a
million COVID-19 patients in low and low middle-income
countries estimated to need oxygen treatment every day
(WHO, 2021). There are several methods commonly
employed in medical oxygen productions (e.g., cryogenic
distillation method, vacuum pressure swing adsorption,
ceramic air separation technology, etc.), but all of them
suffer from disadvantages such as its high cost, high energy
consumption, contamination, or low production of pure
oxygen. This makes electrochemical methods producing
oxygen attractive because of their economical approach and
eco-friendly nature. Pushkarev et al. reported an
electrochemical oxygen pump (concentrator) with a solid
polymer electrolyte which provides efficient in situ
production of highly pure oxygen at a twice lower energy
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consumption as compared to the water electrolyzer with a
solid polymer electrolyte (Pushkarev et al., 2020).

We at Solaire with our product OM-REDOX (Oxygen Maker
REDOX) have addressed the issue of portable oxygen supply at a
very low cost (Figure 10). We have designed a device, which can
produce oxygen by using water. The oxygen production rate is in
the range of 3-5L per minute (Lpm) and can be enhanced to
20-30 Lpm. Our patented product design and catalyst design
(Patent file number: 202131020605) have been developed that can
carry out water splitting under specially designed and fine-tuned
patented condition. The process of biological water splitting bears
resemblance to water splitting in which a chemical potential
difference is used to split water. We have made several
experiments to confirm with which catalyst the production of
oxygen is the highest, and we have rigorously tested the quality of
the catalyst and even ratified it with a hypoxia curing mouse
model as well. The product uses electricity, which activates the
catalyst in a sophisticated circuitry developed in-house by us. As
we switch on the electricity oxygen is produced. The key process
in our product lies in integration of mechanical, electrical, and
chemical engineering with catalyst design science using easily
sourced components and starting materials, rendering the
product scalable and easy to manufacture in large scale. The
simplest combination of circuitry and mechanical and chemical
engineering principles used in this product reduces the
production time and makes it easy to build and deliver to
millions in need. The product OM REDOX is a direct
demonstration of the translation of an academic result to a
product in the market.

CONCLUSION

The kinetics behind OER is quite sluggish, which makes water
oxidation a difficult reaction to proceed. This necessitates the
need for a catalyst and the optimal design of the electrode that
can run the reaction at lower potential by overcoming the high
activation energy barrier. In recent times, the electrocatalytic
OER activity has been slightly improved due to the
understanding of the scaling relation between HO* and
HOO*. However, the targeted catalyst design should
incorporate features of breaking the HOO* and HO* scaling
and independently optimizing the adsorption energies of
various intermediates (Kulkarni et al., 2018). Understanding
the catalytic cycle with minute mechanistic details is very
important to design efficient catalysts. It is very difficult to
understand and control various competing redox mechanisms
in OER. Hence, using various in-situ characterization
techniques (e.g., femtosecond spectra, near-atmospheric
X-ray photoelectron spectra (NAP-XPS), near-atmospheric
scanning tunneling microscopy (NAP-STM), in situ X-ray
absorption spectroscopy (XAS), and in situ diffuse
reflectance infrared Fourier transform (DRIFT) spectra,
corroborated with DFT computations, etc.) to capture a
complete overview of the phase transformations, valence
state changes, morphological variations, etc., under OER
conditions is necessary (Suen et al., 2017). Search for non-

Electrocatalytic Water Oxidation: Lab-to-Market Translation

noble metal-based OER catalytic systems has also gained
momentum because of high cost, unsatisfactory long-term
stabilities, and limited compositions or morphologies of
noble-metal-based systems. This has been discussed in
detail in this review. Efforts to find efficient OER systems
are not only focused on developing efficient catalytic materials,
and it also finds its ways to efficient electrode and cell design
strategies. Modifying the electrode surface by tuning the active
catalytic sites, surface facets, interfaces has been in the
forefront of electrode designs. However, uneven current and
potential distributions have been the bottleneck problem to
these approaches, which needs further attention. OER is used
to make devices such as metal-air batteries and mainly
production of hydrogen through water electrolysis. As for
the process and application, sustainable energy utilization in
OER is vital for its further applications, specifically using the
cost-effective triboelectric nanogenerator. This advanced
development can utilize sustainable mechanical energy such
as wind, rain, etc., to obtain sustainable self-powered OER
systems in the near future, and this self-powered approach is
very perspective regarding the future goal of green energy
generation. The water oxidation process takes place in nature
on its own in plants photosystem II to provide protons and
electrons for the photosynthesis process, and thus, oxygen gas
is released in the atmosphere. Furthermore, water oxidation
can be coupled with organic reactions, like CO, reduction to
formic acid and formaldehyde for synthesis purposes of
important organic compounds. Therefore, water oxidation
has immense importance as the green process for further
futuristic aspects and improvement of the electrode design
(geometry and electrocatalyst) will help to achieve more
complex purposes in a sustainable way.
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Two-Photon Absorption: An Open
Door to the NIR-II Biological Window?

Paige A. Shaw, Ewan Forsyth, Fizza Haseeb, Shufan Yang, Mark Bradley and
Maxime Klausen *
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The way in which photons travel through biological tissues and subsequently become
scattered or absorbed is a key limitation for traditional optical medical imaging techniques
using visible light. In contrast, near-infrared wavelengths, in particular those above
1000 nm, penetrate deeper in tissues and undergo less scattering and cause less
photo-damage, which describes the so-called “second biological transparency
window”. Unfortunately, current dyes and imaging probes have severely limited
absorption profiles at such long wavelengths, and molecular engineering of novel NIR-
Il dyes can be a tedious and unpredictable process, which limits access to this optical
window and impedes further developments. Two-photon (2P) absorption not only
provides convenient access to this window by doubling the absorption wavelength of
dyes, but also increases the possible resolution. This review aims to provide an update on
the available 2P instrumentation and 2P luminescent materials available for optical imaging
in the NIR-Il window.

Keywords: two-photon absorption, infrared dyes, fluorescent imaging, near-infrared Il, two-photon microscopy,
tissue penetration, pulsed lasers

1 INTRODUCTION

Optical molecular imaging (OMI) technologies such as fluorescence imaging, Raman imaging, and
optical coherence tomography, have emerged as safe and non-invasive tools to screen and monitor
and diagnose disease in real-time, and follow treatment progress (Nicolson et al., 2021; Cao et al,,
2019). Fluorescence-based OMI offers the ability to investigate biological systems with high spatio-
temporal resolution and is now commonly applied to allow bio-molecular detection, drug
distribution monitoring, image-guided surgery, and clinical diagnosis and therapy (Diao et al.,
2015). The majority of in vivo fluorescence imaging approaches are performed using visible (400
nm-700 nm) and near-infrared I (NIR-I, 700 nm-900 nm) light due to the availability of light
sources and detectors operating in this regime. However, the optical properties of tissues in this range
of wavelengths intrinsically generate two challenges: a loss of signal due to poor penetration of light,
and a low signal to background ratio (SBR) resulting from tissue auto-fluorescence (Zhang et al.,
2016). The poor penetration of light in vivo arises due to the strong attenuation coefficients of tissue
components, which causes photons to be scattered or absorbed by endogenous chromophores as they
travel through tissues (Figure 1) (Keiser and Keiser, 2016). Tissue auto-fluorescence also represents a
major limitation when imaging at shorter wavelengths. This loss in signal along with low SBR both
contribute to the reduction in the resolution of the output image with increased depth, thereby
limiting the optical imaging to micrometre depths.

Favorably, the spectral properties of biological tissues are strongly wavelength-dependent, which
opens two windows of “biological optical transparency” that enable higher resolution fluorescence
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FIGURE 1 | Absorption and scattering coefficients of endogenous chromophores, tissues, and water over the visible and SWIR wavelengths (200-2000 nm). The
downwards arrows represent the tissue penetration of light at these wavelengths, according to the values reported for human skin in ref. (Bashkatov et al., 2005).
Dashed, dotted and solid outlines on penetration arrows represent the increase in imaging resolution with increased wavelengths. Adapted from values reported in ref

imaging (Nicolson et al., 2021; Cao et al,, 2019; Sordillo et al.,
2014a; Kenry et al, 2018; Chen et al, 2021; Hassan and
Klaunberg, 2004; Li and Wang, 2018). Firstly, the absorption
coefficients of tissue components such as whole blood
(oxygenated HbO, or deoxygenated Hb), or fat (Figure 1)
strongly decrease when reaching red/NIR wavelengths, which
constitutes a first “NIR-1” transparency window (Bashkatov et al.,
2005). Secondly, and more significantly, as the scattering
coefficient of light is inversely proportional to the fourth
power of its wavelength, photons of even longer wavelengths
are more likely to continue on their intended linear trajectory
rather than being scattered away due to their interactions within
the tissue (Sordillo et al., 2014a; Wang et al., 2020a; Lockwood
and Luo, 2016). For this reason, the use of low-energy light in the
so-called “near-infrared 1 (NIR-II) window
(1000 nm-2000 nm), also known as the short-wave infrared
region (SWIR), can not only help achieve higher penetration
in biological tissue (Figure 1), but also aid in enhanced spatio-
temporal resolution at fixed tissue depths, as well as reduce risks
of photo-toxicity (Wang et al, 2020a; Ding et al, 2018).
Moreover, tissue auto-fluorescence generated by endogenous
molecules such as flavins, NADH, porphyrins, and collagens
decreases significantly at longer wavelengths where these
fluorophores do not absorb. Substantially diminished
background auto-fluorescence is observed with NIR-II
excitation, especially at wavelengths greater than 1500 nmj

with this reduction in auto-fluorescence contributing to
enhanced spatio-temporal resolution and fidelity in 3D images
(Liand Wang, 2018; Ding et al., 2018; Tian et al., 2020). The NIR-
IT window can be further sub-divided into two wavelength ranges
spanning across a peak in water absorption at 1450 nm
(Figure 1), ie. the NIR-IIa (1000-1400 nm), and the NIR-IIb
(1500-1800 nm) (Ma et al., 2021a; Feng et al., 2021). In spite of a
higher endogenous absorption re-emerging at such wavelengths,
several studies have revealed that the higher absorption
coefficient of water can be beneficial in depleting the amount
of scattered photons, thereby allowing “ballistic” photons to travel
deeper into the tissue. This effect is known as “absorption-
induced resolution enhancement” and can therefore produce
clearer fluorescence images (Yoo et al, 1991; Sordillo et al,
2014b; Carr et al., 2018a; Feng et al., 2021).

The advancement from the NIR-I to the NIR-II optical
window in fluorescence imaging has been facilitated by the
development of NIR-II-absorbing probes suitable for biological
imaging and by the increased availability of photodetectors
sensitive enough in this spectral range (Hong et al, 2017).
Currently, a variety of NIR-II imaging probes, including
single-walled carbon nanotubes (SWCNTs), quantum dots
(QDs), rare-earth doped nanoparticles (NPs), organic dyes,
and semiconductor polymer NPs have been reported but these
often have poor water solubility and limited physiological
stability. Most significantly, as emitted photons are of lower
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FIGURE 2 | (Left) Simplified Jablonski diagram illustrating the double-photon absorption and single-photon emission involved in 1PA vs. 2PA excitation (Middle)
Demonstrates the quadratic excitation that arises in 2PA vs. 1PA, due to the requirement of two photons having to arrive simultaneously at a sample to result in excitation
(Right) The resulting tissue is capable of producing fluorescence emission due to the location of the excitation photons in 2PA vs. 1PA, resulting in more focused, high-
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energy than standard single-photon (1P) excitation, NIR-II-
emitting fluorophores usually suffer from poor emission
quantum yields (®y). Risks are also associated with the use of
inorganic nano-systems including possible toxicity and lack of
tissue specificity (Ding et al., 2018; Cao et al., 2019; Zhang et al.,
2021a; Chen et al.,, 2021; Wang et al., 2021). The specific design of
NIR-II-absorbing organic probes for bio-imaging has become a
key challenge in the discipline, involving the multi-step synthesis
of bulky water insoluble structures which often require complex
purification (Sordillo et al., 2014a; Hong et al., 2017; Wanderi and
Cui, 2022). On the other hand, a number of visible and NIR-I-
absorbing fluorophores exhibiting high quantum yields are
commercially available, and have the ability to target a wide
range of biological substrates (Carr et al., 2018b). Such dyes are
comparatively easy to synthesise and are routinely used for bio-
imaging using one-photon absorption (1PA) (Escobedo et al,
2010). The use of two-photon (2P) fluorescence microscopy can
facilitate the imaging in the NIR-II window by targeting 1P-
absorbing visible/NIR-I dyes but with the added advantage of
deep tissue penetration, exceptional feature clarity and high SBR
(Carr et al., 2018b).

First predicted theoretically by Maria Goppert-Mayer in 1929
(Goppert, 1929; Goppert-Mayer, 1931), 2P absorption (2PA) is a
third-order, resonant non-linear optical (NLO) process (Vivas
et al, 2018; Ewart and Guenther, 2005) using the combined
energy of two photons to generate an electronic transition from

the ground state (So) to a singlet excited state (S,,) (Figure 2, left)
(He et al., 2008; Pawlicki et al., 2009; Klausen and Blanchard-Desce,
2021; Pascal et al,, 2021). Contrary to 1P excitation (1PE), 2P
excitation (2PE) therefore requires near-simultaneous absorption
of two photons of the same frequency v (degenerate 2PA) or
different frequencies v; and v, (non-degenerate 2PA). The
excitation occurs as a two-step process, firstly involving a
transition to a short-lived (sub-femtosecond) non-resonant
excited state, called the “virtual state” (dashed line, Figure 2,
left). Assuming that each chromophore is exposed to the same
laser cross-section, photons must arrive on the attosecond
timescale to further promote electron excitation to a singlet
excited state. Furthermore, as with all non-linear processes, the
relationship between the excitation light intensity and fluorescence
intensity is non-linear (quadratic) and therefore excitation can only
occur when the photon flux of the excitation light is in the range of
10°°-10% photons/(cm®s) (Ewart and Guenther, 2005). This high
energy density can be achieved by using an ultra-short (~100 fs)
pulsed (~80 MHz) laser system (Avila et al., 2019). In such non-
linear conditions, the capacity of a dye to absorb 2P light differs
from standard 1PE. The 2PA capacity of a dye is defined as its 2PA
cross-section (e.g. the effective “photon-catching area” of the
molecule), noted as 0, and expressed in Goppert-Mayer unit
(1GM = 10° cm*s-photon™), as a tribute to Maria Géppert-
Mayer’s work (He et al., 2008; Pawlicki et al., 2009; Klausen and
Blanchard-Desce, 2021; Pascal et al., 2021).
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After excitation and internal conversion, the electron relaxes
to the lowest singlet excited state (Kasha’s rule), from where all
radiative and non-radiative decays occur, regardless of the type of
excitation. With regards to biomedical imaging applications, this
is essential, as the fluorescence generated (emission wavelength
and efficiency) during radiative decay is the same after either 1PE
or 2PE (Denk et al., 1990; Ewart and Guenther, 2005; Benninger
and Piston, 2013). The efficiency of the radiative decay process is
quantified by the fluorescence quantum yield @y, representing the
number of photons emitted per photon absorbed. In microscopy
applications, the overall brightness of a fluorescent imaging agent
at a given wavelength is therefore defined as the product of its
absorption capacity (e™ in 1PA, or 6,™ in 2PA) and its emission
quantum yield ®y. In 2P applications, the 2P brightness 0, ¢ thus
allows direct comparison between fluorophores (Kim and Cho,
2015).

Further adding to the imaging benefits, as the quadratic nature
of the 2P process confines the excitation to a femtoliter-sized
volume where the light intensity is the highest, 2PE avoids photon
absorption and fluorescence both above and below the focal point
(Figure 2, middle and right). As the fluorescence only originates
from the focal point without out-of-focus emission of light, 2P
microscopy provides inherent “confocality”, which allows high-
resolution and high contrast imaging of thick living samples
(Denk et al., 1990; Piston, 2005). This also prevents extensive
photo-bleaching and photo-toxicity in live samples (Looney et al.,
2011; Lu et al.,, 2020). Thanks to such unparalleled advantages
over linear 1PE, 2PA has not only been extensively employed in
bio-imaging and cell signal monitoring (Benninger and Piston,
2013; Kim and Cho, 2015; Kucikas et al., 2021; Helmchen and
Denk, 2005; Ricard et al., 2018), but also in photodynamic
therapy (PDT) (Sun et al,, 2017a) and drug delivery (Klausen
and Blanchard-Desce, 2021). In the context of NIR-II bio-
imaging in particular, 2PE provides alternative solutions to the
challenges met with standard 1PE. While the development of 1P-
absorbing NIR-II-emitting OMI probes intrinsically leads to a
high loss in brightness, 2PA directly exploits the emissive
properties of 1P dyes at shorter wavelengths, which
circumvents any loss of fluorescence quantum vyield. The
detection of fluorescence is also maximized with the use of
common visible/NIR detectors with high sensitivities
compared to their NIR-II counterparts, and by the increased
distance between excitation and emission wavelengths preventing
loss of signal due to spectral overlap. In addition, while standard
single-photon confocal can only image samples of up to 200 um
in thickness, 2P microscopy improves imaging penetration depth
by at least 2-fold relative to confocal imaging (Wang et al., 2017;
Rubart, 2004). Several studies have also shown improved
biocompatibility of 2P imaging as compared to 1P confocal
imaging (Wokosin et al., 1996a). Squirrel et al. demonstrated
that 8h of confocal imaging at 514 nm resulted in the inhibition of
hamster embryo development (Squirrell et al, 1999), even
without staining. In contrast, embryo viability was maintained
when imaged using a 1047 nm ultrashort pulsed laser with the
same microscope system for a 24-hour period. Importantly,
similar experiments have also demonstrated that even NIR-I
femtosecond irradiation could impair cell division at low

NIR-II Two-Photon Bioimaging

power, and even lead to complete cell destruction (Konig
et al., 1997). Therefore, the development of 2P microscopy in
the NIR-II optical window represents an opportunity for higher-
resolution and safer cellular imaging and would also facilitate a
wider range of biological imaging applications such as image-
guided surgery, diagnostics, gene expression monitoring, and
chemical sensing (Figure 3). Such advanced applications have
not yet been fully explored in vivo with NIR-II 2PA, but have
shown great promise in ex vivo examples or utilizing shorter
wavelengths for 2PE (Paoli et al, 2009; Grienberger and
Konnerth, 2012; Cao et al., 2013; Fan et al., 2018).

In order to visualise, characterise and quantify biological entities,
bright molecular imaging probes are needed (Yang et al., 2020a). To
generate bright 2P microscopy images without causing considerable
photo-damage to the sample at laser intensities required
(1 GW-cm™ at the focal plane; or ~5mW at the objective lens),
it is estimated that the 2P brightness 0,®s of the imaging agent
should be more than 50 GM (Kim and Cho, 2015; Osmialowski
et al., 2020). As such, breaking down the barriers to exploit NIR-II
wavelengths in 2P bio-imaging involves three main challenges: (i)
shifting the 2PA band of the imaging agent beyond 1000 nm, which
typically involves 1PA above 500 nmy; (i) improving the 2PA cross-
section 0, above this wavelength, typically to values >50-100 GM;
and (iii) retaining a high enough fluorescence quantum yield @ to
image tissues with high contrast. High water solubility, in vivo- and
photo-stability, target specificity, and low toxicity are other general
key criteria to develop ideal, clinically translatable OMI probes (Kim
and Cho, 2015; Yang et al., 2020a; Rao et al., 2007; Yao and Belfield,
20122012). Small organic fluorophores (Wang et al., 2020a; Wu
et al,, 2022), aggregation induced emission (AIE) dyes (Lu et al,
2020; Zhu et al,, 2018), inorganic and hybrid nanomaterials (Yao
etal, 2014) and fluorescent proteins (FPs) are key types of materials
that have been used in the development of OMI probes to date, and
have shown high potential in the field of 2P in the NIR-II region
(Figure 3). NIR-II-absorbing 2P-responsive dyes find applications in
several additional areas beyond the scope of this review, such as
optical power limiting (Pascal et al., 2021), chemical and ion sensing
(Ricard et al., 2018), or targeted photo-therapies (Sun et al., 2017a;
Zhao et al., 2019). In this review, we aim to present the current state
of available luminescent 2P probes in a biological imaging and
microscopy context, and highlight the recent progress and
tremendous potential in this field. In the first subsection, we
present the different classes of materials available for such
applications and summarise their key optical properties in Table
1. We then present the available pulsed excitation sources used for
such applications and discuss examples of 2P in vivo imaging in this
“second optical window” by exploring imaging and lasing systems
(Table 2), and tissue penetration depths (Table 3).

2 NIR-1I-ABSORBING LUMINESCENT
MATERIALS FOR 2P BIO-IMAGING

2.1 Organic Fluorophores

Reaching the NIR-II window with 2P excitation typically involves
using dyes with 1PA maxima ranging from orange to NIR-I
wavelengths. The design of 2P-responsive organic fluorophores

Frontiers in Chemistry | www.frontiersin.org

June 2022 | Volume 10 | Article 921354


https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Shaw et al.

NIR-II Two-Photon Bioimaging

Xanthenes

Porphyrins and
phthalocyanines

F F \ \
\

Dipolesand '\
quadrupoles N\

2P NIR-lI

BODIPYs © .
| @ luminescent
D ‘ ) materials
NN NS \ \
B \ \ <

FIGURE 3 | Overview of fluorophore categories and potential biomedical applications with 2PA NIR-Il imaging.

Image guided surgery

/ o
]

Fluorescent
rotein

has been covered extensively in several reviews and falls beyond
the immediate scope of this review (He et al., 2008; Pawlicki et al.,
2009; Klausen and Blanchard-Desce, 2021; Pascal et al., 2021;
Kim and Cho, 2015). However, to achieve such results the
following parameters must be taken into account. Even more
so than in the context of standard 1PE, the size/length of the n-
conjugated system and the magnitude of intramolecular charge
transfer (ICT) are major driving forces for the 2PA capacity of a
chromophore. Therefore, selecting strong electron-donating
(ED) and electron-withdrawing (EW) moieties or extending
the m-conjugated backbone in a push-pull compound are
typical strategies to cause both ICT-induced bathochromic
shifts in absorption wavelengths and increase in 2PA cross-
sections. Nonetheless, to achieve NIR-II absorption, the
selection rules of 2PA should be considered due to their direct
effect on allowed electronic transitions within the molecule,

which in turn affects its maximum absorption wavelength.
Symmetry-based selection rules state that 2P electronic
transitions at 2 X Appy" wavelengths are forbidden in
centrosymmetric chromophores. As a result, 2PA bands in
symmetrical dyes are usually more intense, but shifted to
higher energies, which can be a limitation in the design of
NIR-II-absorbing dyes. Dipolar dyes present no such
restriction as the transition to the first excited state is
generally both 1P- and 2P-allowed. Therefore, 2P-absorbers
with dipolar (D-n-A) or symmetrical (quadrupolar D-m-A-m-
D, A-n-D-mt-A; or octupolar D-(n-A);, A-(r-D);) structures,
sometimes belonging to well-known classes of dyes, have been
investigated in recent years and will be reviewed below. With the
development and increased accessibility of SWIR pulsed laser
technologies (Section 3, Tables 2 and 3), several studies have
shown that remarkable potential resides in the pool of current
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TABLE 1 | 1PA, 2PA and emission properties of NIR-Il chromophores reported in literature. Solvent and method of 2P properties are also noted for comparison.

Probe Chemical structure Solvent A1pa™™> Aem™X @ 24pa™*  Agpa AL ALK Ref.
(nm) (nm) (nm) (nm) (GM)? (GM)?
Nao o ° Xanthenes
Disodium O ‘ pH11 497 518° 0.90° 994 1000 27 24°  (Makarov et al,
fluorescein (1) 7 2008; Miitze
O CONa etal.,, 2012)
PhenGreen PBS 492° 517¢ 0.80¢ 984 1074 n.d. n.d. (Bestvater et al.,
FL (diacetate, 2002)
uncomplexed)
2
S
N
Rhodamine MeOH 519° 546° 0.95° 1038 1060 10 9.5° (Makarov et al.,
6G (3) 2008)
Rhodamine MeOH 553° 627° 0.70° 1106 1040 39 27° Makarov et al.,
B (4) 2008
Rhodamine EtOH 570° 591¢ 1.0° 1140 1060 20 20° (Li and She,
101 (5) 2010; Miitze
et al,, 2012)
Rhodamine PBS 507 529° 0.90° 1014 1090 n.d. n.d. (Bestvater et al.,
123 (6) (EtOH) 2002)
Alexa Fluor NaPhos 491 519° 0.92° 980 1000 21° 19 (Bestvater et al.,
488 (7) 2002; Anderson
and Webb, 2011;
Mutze et al.,
2012)
Alexa Fluor PBS 553 573° 0.79° 1112 1028 n.d. n.d. (Bestvater et al.,
546 (8) 2002; Mutze
et al,, 2012)
Alexa Fluor PBS 578° 603° 0.69° 1156 1060 n.d. n.d. (Mutze et al.,
568 (9) 2012)
Alexa Fluor PBS 594° 617° 0.66° 1180 1074 n.d. n.d. (Bestvater et al.,
594 (10) 2002; Mitze
et al., 2012)
(Continued on following page)
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TABLE 1 | (Continued) 1PA, 2PA and emission properties of NIR-Il chromophores reported in literature. Solvent and method of 2P properties are also noted for comparison.

Probe Chemical structure Solvent Aqpa™> Aem™* @ 2A1pa™*  Azpa o™ PARK Ref.
(nm) (nm) (nm) (nm) (GM)? (GM)?
Alexa Fluor PBS 612° 628° - 1224 1010 n.d. n.d. (Mutze et al.,
610 (11) 2012)
Alexa Fluor H.O 632° 647° - 1264 1260 n.d. <5 (Kobat et al.,
633 (12) 2009; Mitze
et al., 2012)
MitoTracker PBS 579° 599° 0.15 1158 1133 n.d. n.d. (Bestvater et al.,
Red (13) [187] 2002)
CellTracker In vitro 585° 602° n.d. 1170 1080 n.d. n.d. (Rakhymzhan
Red (14) et al., 2017)
Lissamine PBS 570°¢ 590° 0.33 1140 1116 n.d. n.d. (Bestvater et al.,
Rhodamine- [188] 2002)
IgG (15)
Texas Red- PBS 596° 615° 0.90° 1192 1150 n.d. n.d. (Bestvater et al.,
IgG (16) 2002)
ATTO In vitro 681°¢ 698° 0.30° 1362 1260 n.d. n.d. (Rakhymzhan
680 (17) etal, 2017)
Nile Red (18) N O MeOH 550 636 0.40 1100 1057 104 42 (Hornum et al.,
Ious
/\’\L o o
19 N O MeOH 554 631 0.43 1108 1055 183 79 (Hornum et al.
/\NK o o
CFy
20 O MeOH 569 632 0.45 1065 1080 123 56 (Hornum et al.
N
L)
/\NK o} o
CFy
21 MeOH 565 638 0.35 1130 1057 232 81 (Hornum et al.,

N\ 2020)
/\I\L : :o )

(Continued on following page)
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TABLE 1 | (Continued) 1PA, 2PA and emission properties of NIR-Il chromophores reported in literature. Solvent and method of 2P properties are also noted for comparison.

Probe Chemical structure Solvent Aqpa™> Aem™* @ 2A1pa™*  Azpa o™ PARK Ref.
(nm) (nm) (nm) (nm) (GM)? (GM)?
Polymethines
Cy3-1gG (22) O O PBS 548° 563° 0.1¢ 1096 1032 n.d. n.d. (Bestvater et al.,
DN g o
\
o
Cy5 (23) H.0 646° 662° 0.28° 1292 1220 143° =40 (Kobat et al.,
N NN N 2009)
R R
Cy5.5 (24) S S H.0 673° 691° 021° 1346 1280 286" ~60  (Kobat etal.,
9 v 209
N” NF N
R R
Cy7 (25) H>O 750° 773° 0.30° 1500 1320 200° ~60 (Kobat et al.,
NN 2009)
R R
26 DMSO 753 780 0.17 1506 15652 240 41° (Berezin et al.,
NN Y 2011)
clos \\\\
OH
OH
ICG (27) 0 0 DMSO 794 817 0.12 1588 1552 590 71° (Berezin et al.,
& & zorn
N* NN N\\\\\
i SO;Na
035
Cypate (28) Y Oy DMSO 796 817 0.13 1592 1562 520 68°  (Berezinetal,
O O 2011)
N" NGNS N
’OO§ \\\COOH
29 DMSO 809 829 0.07 1618 1662 900 63° (Berezin et al.,
2011)
DTTC (30) Qs s@ DMSO 771° 800° 0.80° 1542 1552 160 128° (Berezin et al.,
NE NN 2011)
o, k
DODCI (31) Q\o O/Q EtOH 582°¢ 610° 0.87° 1164 1060 38 n.d. (Li and She,
A~y (DMSO) 2010)
e .
cl cl
IR-140 (32) @\ Q DMSO 825 ~840 0.06 1640 1552 950 57° (Berezin et al.,
3 N $ 2011)
N*WN
} .
Clo,
33 B+ BF, P CH,Cl, 1064 ~1080 0.05 2128 1800 2250 113° (Hu et al., 2013)
\ / CH.CN 1043 ~1065 005 2086 1800 1050 53°
NN ~F
34 O O EtOH 650 665 n.d. 1300 1180 140 n.d. (Fu et al., 2007)
NN
5
(Continued on following page)
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TABLE 1 | (Continued) 1PA, 2PA and emission properties of NIR-Il chromophores reported in literature. Solvent and method of 2P properties are also noted for comparison.

Probe Chemical structure Solvent Aqpa™> Aem™* @ 2A1pa™*  Azpa o™ 6Ny Ref.
(nm) (nm) (nm) (nm) (GM)? (GM)?
35 0 0 EtOH 690 704 n.d. 1380 1260 150 n.d. (Fu et al., 2007)
N*‘ NN N
O \\
OTs
36 EtOH 770 n.d. n.d. 1540 1340 60 n.d. (Fu et al., 2007)
37 EtOH 824 n.d. n.d. 1648 1480 600 n.d. (Fu et al., 2007)
Alexa Fluor H.O 650° 665° 0.33° 1300 1240 133° ~44 (Kobat et al.,
647 (38) 2009; Mitze
et al.,, 2012)
Alexa Fluor H,O 679° 702° 0.36° 1358 1280 203° =73 (Kobat et al.,
680 (39) 2009)
Alexa Fluor - H.O 702° 723° 0.25° 1404 1320 208° =52 (Kobat et al.,
700 (40) 2009)
Alexa Fluor - H,O 753° 778° 0.12° 1506 1320 292° =35 (Kobat et al.,
750 (41) 2009)
42 MeOH 532 636 0.44 1064 1064 23 10P (Pascal et al.,
(900) (570) 2017)
43 MeOH 573 708 0.33 1146 1146 225 74° (Pascal et al.,
2017)
44 MeOH 549 673 0.54 1098 1098 137 74° (Pascal et al.,
2017)
45 Toluene 643 654 0.62 1286 1198 133 82° (Ceymann et al.,
2016)

(Continued on following page)
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TABLE 1 | (Continued) 1PA, 2PA and emission properties of NIR-Il chromophores reported in literature. Solvent and method of 2P properties are also noted for comparison.

Probe Chemical structure Solvent Aqpa™> Aem™* @ 2A1pa™*  Azpa o™ PARK Ref.
(nm) (nm) (nm) (nm) (GM)? (GM)?
46 Toluene 700 714 0.75 1400 1274 100 75° (Ceymann et al.,
2016)
Styryl OM (47) CHCl3 ~625 =790 0.10 ~1250 1240 780 78 (Makarov et al.,
[189] 2008)
FM4-64 (48) N( PBS 471 691 n.d. 942 1047 n.d. n.d. (Wokosin et al.,
r CHCl 564 761 0.35 1128 1996a; Nuriya
NN Br (Lopez- et al,, 2016)
M Duarte et
o gj al., 2015)
\/;'
TO-PRO- H>O 641° 657°¢ n.d. 1284 1110 n.d. n.d. (Smith et al.,
3 (49) 2012)
50 THF 562 598 0.07 1124 1070 167 12P (Poronik et al.,
2012)
51 THF 615 655 0.02 1230 1150 214 40 (Poronik et al.,
2012)
Porphyrins
52 O a CCly =770 ~780 n.d. ~1540 1020 470 n.d. (Makarov et al.,
O N O 1270 48 2008)
= S
\ NE N=
NSO
\ ,‘\‘/R "
D )
R = O(CH,);CHs Q
PhS
53 Ph CCly ~685 ~700 n.d. ~1370 1270 13 n.d. (Makarov et al.,
Ne 2008)
\ N N
N \Zn/z‘ N
N\ 7
N
‘ Z
N
Phs/&
SPh
(Continued on following page)
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TABLE 1 | (Continued) 1PA, 2PA and emission properties of NIR-Il chromophores reported in literature. Solvent and method of 2P properties are also noted for comparison.

Probe Chemical structure Solvent Aqpa™> Aem™* @ 2A1pa™*  Azpa o™ PARK Ref.
(nm) (nm) (nm) (nm) (GM)? (GM)?

54 NRp CHCl3 ~525 710 n.d. ~1050 ~1040 ~2000 n.d. (Nowak-Krol
~605 ~1210 ~1220 ~500 et al,, 2013)
~680 ~1360 ~1360 =200

OC1gH21
Ar= -~ OCygH24
OC1qH21
R= oo ™0
RN
BODIPYs
LysoTracker PBS 577° 590° 0.07 1154 1100 n.d. n.d. (Bestvater et al.,
Red (55) 2002)
BODIPY- MOPS 589° 616° 0.90° 1178 1060 269° 242 (Bestvater et al.,
TR (56) 2002; Miitze
et al., 2012)
IR-07 (67) CH.Clo ~700 750 0.30 ~1400 1310 101 30° (Zheng et al.,
2009)
58 THF 755 830 0.09 1560 1064 n.d n.d (Hu et al., 2020)
Dipoles - Quadrupoles - Miscellaneous
59 Q NPs (Aq.) 480 678 0.17 960 1040 5.6 9520 (Alifu et al., 2017)
5
N O \ oN x 10
O SO
NG
60 Q s ON HO 530 740 n.d. 1060 1100 n.d. n.d. (Zhou et al.,
N . T ©01% 2021)
@ I 2 DMSO)
(Continued on following page)
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TABLE 1 | (Continued) 1PA, 2PA and emission properties of NIR-Il chromophores reported in literature. Solvent and method of 2P properties are also noted for comparison.

Probe Chemical structure Solvent Aqpa™> Aem™* @ 2A1pa™*  Azpa o™ PARK Ref.
(nm) (nm) (nm) (nm) (GM)? (GM)?
NG,
61 )CN H,O 510 676 0.22 1020 1040 440 a7° (Massin et al.,
2013)
e val
N
R o o
R= /\/\OWO/\/OH
Br
62 s \/ | CH,Cl, 660 785 0.005 1320 1300 500 2.5° (Ricci et al.
[>T W, 2017)
Bu,N” S
63 CH,Cl 678 782 0.0005 1356 1300 1400 0.7° (Ricci et al.,
2017)
64 H.O ~600 =725 0.21 ~1200 1200 1.21 242° (Wang et al.,
x 10° 2019b)
CgH470
65 OO CHCl3 634 704 0.16 1268 1250 920 147° (Lietal, 2012)
(iPr)sSi ‘ ™
% “ S Si(iPr);
66 OO CHCl3 668 807 0.02 1336 1250 1200 24° (Lietal, 2012)
‘ N Si(iPr):
1(/Pr,
(iPr)Si S & 3
67 CHCl3 1088 1120 0.002 2176 2200 1300 2.6° (Ni et al., 2016)
68 CHCl3 1136 1193 0.0002 2272 2300 1500 0.3° (Ni et al., 2016)
Propidium PBS 536° 617°¢ 0.20° 1072 1015 n.d. n.d. (Bestvater et al.,
iodide (69) (dsDNA 2002)

bound)

(Continued on following page)
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TABLE 1 | (Continued) 1PA, 2PA and emission properties of NIR-Il chromophores reported in literature. Solvent and method of 2P properties are also noted for comparison.

Probe Chemical structure Solvent A1pa™* Aem™* [N 204pa™™  Agpa oM oM, Ref.
(nm) (nm) (nm) (nm) (GM)? (GM)?
AlEgens and AIEDots
70 NP (aq.) 613 790-810 0.14 1226 1040 16100 2240° Qi et al., 2018;
1300 1220 170° Liu et al., 2021)
7 NP (aq.) 454 =700 0.19 908 1200 76300 14500°  (Wang et al.,
THF =451 =699 n.d. n.d. n.d. n.d. 2019c)
72 NP (aq.) =479 =627 0.06 =960 1040 3200 192° (Samanta et al.,
H,O/ ~488 >627 n.d. n.d. n.d. n.d. 2021)
DMSO
73 NP (aq.) 510 709 0.14 1020 1000 =520 73° (Zheng et al.,
Toluene 491 ~635 (solid n.d. n.d. n.d. 2018)
state)
74 NP (aq.) 538 755 0.02 1076 1020 887 18° (Zheng et al.,
Toluene 528 ~636 (solid n.d. n.d. n.d. 2018)
state)
75 NP (aq.) 522 620 0.05 1044 1040 29x10° 15x10° (Wangetal,
THF 511 532 n.d. n.d. nd. nd. 2015)
Carbon, hybrid and inorganic materials
76 SWCNT-based dopamine sensor H0O 600-1000 1000-1265° 0.0023 - 1560 216000 497° (Bonis-O’Donnell
et al.,, 2017)
7 Aptamer-modified graphene oxide H,O 440-720 500-650" 0.34 - 1120 36000 12240°  (Pramanik et al.,
2014)
78 CDs prepared from urea and citric acid H0 540 624 0.06 1080 1200 n.d. n.d. (Lietal., 2018)
79 Carbon quantum dots prepared from tris(4- H0 592 615 0.84 1184 1100 n.d. n.d. (Liu et al., 2020)
aminophenyl)amine
80 AuNP with SWCNT H.O 500-1100 775 n.d. - 1100 n.d. n.d. (Olesiak-Banska
et al,, 2019)
81 Au25 cluster HO 675 830 <0.001 1350 1290 2700 n.d. (Ramakrishna
et al., 2008)
82 PEG-dithiolane AUNC H,O 355, 670 820 0.08 1370 1100 300 240 (Oh et al., 2013)
83 Mn?*-ZnS QD H,O 318 586 0.65 636 1180 265 1720 (Subha et al.,
2013)
84 PbS/CdS QD H0 665 1270 0.18 1330 1550 530 95° (Ni et al., 2022)
QD605 (85) polymer-encapsulated CdSe-ZnS QD H.0 350-475 605 0.71 - 1000 66200° 47000 (Larson et al.,
2003)
Fluorescent proteins
tdTomato (86) - H0O 5549 581 0.72° 1108 1050 278 200 (Drobizhev et al
2011)
tdKatushka2 - H,0O 5889 633 0.44° 1176 1100 143 63 (Drobizhev et al.
87 2011)
dsRed? (88) - HO 5619 587 0.71° 1126 1050 103 73 (Drobizhev et al
2011)
HcRFP (89) - PBS 5929 6459 0.08° 1184 1160 720° 36 (Tsai et al., 2006)
mCherry (90) - Ho0 5879 610 0.24° 1174 1080 27 6.4 (Drobizhev et al
2011)
mBanana (91) - H0 5409 553 0.69° 1080 1070 64 44 (Drobizhev et al.
2011)
mStrawberry - H,O 5749 596 0.34° 1148 1070 20 6.8 (Drobizhev et al
(92 2011)
(Continued on following page)
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TABLE 1 | (Continued) 1PA, 2PA and emission properties of NIR-Il chromophores reported in literature. Solvent and method of 2P properties are also noted for comparison.

Probe Chemical structure Solvent Apa™
(nm)
mRFP (93) - H0 5849
TagRFP (94) - H,O 5559
mOrange (95) - H,O 5489
egFP650 (96) - HO 5929
Katushka (97) - H,0 5889
Katushka2 - H.O 588°
(98)
mKate (99) - pH8 5889
mKate2 (100) - H,O 588°
mNeptune - H,O 6009
(101)
mRaspberry - H,O 5989
(102)
Neptune (103) - H,O 600¢
tdRFP (104) - Aq. 584
buffer (Campbell
etal., 2002)

(Y]

Aem™ D¢ 2M4pa™ Azpa o2 sz‘bf Ref.

(nm) (nm) (nm) (GM)? (GM)?

611 0.30° 1168 1080 44 13 (Drobizhev et al.
2011)

584 0.44° 1110 1050 95 42 (Drobizhev et al
2011)

565 0.70° 1096 1080 67 47 (Drobizhev et al
2011)

646 0.19° 1184 1112 45 8.5 (Drobizhev et al
2011)

635 0.35° 1176 1080 66 23 (Drobizhev et al
2011)

633 0.44° 1176 1140 62 27 (Drobizhev
et al. 2011)

635 0.27° 1176 1118 52 14 (Drobizhev et al
2011)

633 0.42° 1176 1140 72 30 (Drobizhev et al
2011)

651 0.17° 1200 1104 70 12 (Drobizhev et al
2011)

625 0.19° 1196 1118 31 5.8 (Drobizhev et al.
2011)

647 0.22° 1200 1104 72 16 (Drobizhev et al
2011)

579 0.68 1168 1110 20 13.7 (Drobizhev et al.
2011)

aTwo-photon absorption cross-section value taken at the excitation wavelength Aopa reported by the authors in the NIR-Il window; note that this may differ from the maximum of the 2PA
band. Value extrapolated from the data available and from the formula of the 2P brightness (= 6, x ®g).
°1P properties as reported by commercial suppliers, reported in water unless indicated otherwise.

9Chemical structures are propriety and undisclosed.
€Chirality-dependant.
'Excitation-dependant.

9Properties extracted from the fluorescent protein database (Available at https.//www.fpbase.org/, Accessed on 11/04/2022).

biological stains and FDA approved fluorophores that offer such
1PA properties (Wokosin et al., 1996b; Bestvater et al., 2002; Fu
et al., 2007; Makarov et al., 2008; Kobat et al., 2009) (Table 1).

2.1.1 Xanthene Derivatives

Thanks to their exceptional structural diversity, xanthene-type
dyes are among the most widely used biological imaging agents.
The highly versatile xanthene backbone allows for extensive
structural modification, with the possibility to induce dramatic
bathochromic shifts in absorption and emission through dye
design. As a result, the 1PE bands of such fluorophores can range
from green to NIR-II wavelengths (Liu and Scott, 2021), leading
to the majority of current research being focused on the design of
NIR-I to NIR-II 1P-absorbing xanthene dyes. To the best of our
knowledge, only a small number of xanthene dyes have been
specifically designed for 2PA in the NIR-II, but the vast number
of commercially available probes in this family facilitates their use
as a model for 2P measurements. This in turn has led to several
seminal reports on their 2P properties at NIR-II wavelengths
since the first examples in 1972 (Bradley et al., 1972).

The 2PA properties of several commercial fluorescein- and
rhodamine-based probes have been studied thoroughly and are
well reported (Bestvater et al., 2002; Makarov et al., 2008; Bradley
et al,, 1972; Li and She, 2010; Hermann and Ducuing, 1972).
Fluoresceins, being the most blue-shifted xanthene dyes, possess
almost no 2P response in the NIR-II window (Table 1), as
evidenced by the negligible o, of disodium fluorescein (1) at

1060 nm (0.069 GM) (Makarov et al., 2008). However, the heavy
metal indicator PhenGreen FL™ (2), a fluorescein derivative, was
reported to show fluorescence when excited under 2PA at
1074 nm (Bestvater et al., 2002). Thanks to their higher
internal charge transfer (ICT) and superior structural variety,
Rhodamines possess a higher potential for 2PE in the NIR-IL
Rhodamines 6G (3), B (4), 101 (5) and 123 (6) all present 2PA
beyond 1000 nm (Table 1). Among them, Rhodamine B was
reported with the highest 2PA cross-section in the early NIR-II
window, with a second 2PA band at 1040 nm in MeOH (38 GM)
(Makarov et al., 2008). Highly photo-stable Alexa Fluor™ dyes
488 to 633 (7-12) were also reported with 2PA bands between
985 nm and 1264 nm respectively (Bestvater et al., 2002; Kobat
et al., 2009; Anderson and Webb, 2011; Miitze et al., 2012). Alexa
Fluor™ 488 (7) responded moderately to 2PE at 1000 nm
(Anderson and Webb, 2011), which corresponds to the tail of
its absorption band. No quantification was performed on the
other rhodamine-type Alexa Fluor™ dyes, however, several other
accessible cell-labelling and bioconjugatable rhodamine
derivatives were investigated, such as MitoTracker Red (13),
or Lissamine Rhodamine (15) and TexasRed (16) conjugates
(Bestvater et al., 2002).

Phenoxazines are nitrogen-containing xanthene derivatives
that also demonstrated 2PA properties in the NIR-IL
Rakhymzhan et al. demonstrated the use of extended
phenoxazine ATTO680 (17) in live cells under 2PE at
1260 nm (Rakhymzhan et al., 2017). Nile Red (18) is another
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well-known member of this class of dyes, and is commonly used
as a reference for cross-section measurements using the 2P-
excited fluorescence (2PEF) technique. In an effort to optimise
the 2PA properties of Nile Red, Hornum et al. prepared and
optically characterised a nu mber of halo-substituted Nile Red
derivatives (Hornum et al, 2020). On this occasion, they
measured a 0, of 104 GM for Nile Red at 1057 nm. The o, of
the reported derivatives were also measured between 1000 and
1200 nm, showing a substantial increase upon introduction of a
trifluoromethyl group (compounds 19, 20 and 21). Interestingly,
regio-isomer 2- (21) showed the highest gain in 0, compared to
isomers 3- and 4- (19 and 20). Nile Red derivatives are notably
solvatochromic, which increased both their 2PA wavelengths and
cross-sections by up to 313% with increasing polarity.

2.1.2 Polymethine Derivatives

Polymethine dyes consist of an alternating single and double-
bond backbone, which connects two aromatic moieties. Cyanine
(Cy) dyes are a member of this family of dyes, with the
polymethine conjugated chain separating two nitrogen-
containing heterocycles (ie. indolenine, benzindole). These
core structures can tolerate numerous structural changes
including: i) lateral groups (i.e. sulfo, carboxyl) on the
heterocycles to increase solubility; ii) cycloalkane-rings within
longer polymethine chains (Cy7, Cy7.5, squarines) for structural
rigidity and photo-property tuning; iii) flexible chains
terminating in functional groups (i.e. carboxylic acid, alkyne,
azide, NHS ester) for attachment to drug probes (Lee et al., 2008;
Pham et al.,, 2008; Henary et al., 2009; Sun et al., 2019). The most
recently reported NIR-II polymethines have been designed for
1P-excited fluorescence (1PEF), including BTC1070 which
employed a pentamethine chain, benzothiopyrylium heterocycles
and diethylamino ED moieties to achieve emission above 1000 nm
(Wang et al, 2019a). Selection rules will affect differently
polymethines bearing identical or different substituents on each
side of the poly-ene chain, which will therefore modify the nature
of their dominant 2P transition. Largely blue-shifted transitions
can be observed in certain environments in the case of symmetrical
polymethines.

The polymethine family includes several commercially
available and FDA-approved derivatives that have been
evaluated under 2PE (Table 1). In 2002, Bestvater et al
reported the 2PA spectrum of Cy3 (22), showing a response at
1032 nm (Bestvater et al., 2002), and modest 2P brightnesses were
then measured by Fu et al. and Kobat et al. for the original Cy5
(23), Cy5.5 (24) and Cy7 (25) fluorophores in the 1200-1300 nm
range (Fu et al,, 2007; Kobat et al., 2009). While there is much
reported about the structure-1P property relationships in
custom-made polymethine dyes, even towards the NIR-I and
-1I regime, less is known about their 2P properties. Berezin et al.
studied the 2P properties of several cyanine derivatives with
comparable conjugation under 1552 nm excitation, by varying
the central and hetero-aromatic moieties (Lee et al., 2008; Berezin
et al,, 2011). Strong absorption was reported at this wavelength
for compound 26, a direct Cy7 analogue (240 GM).

Replacing the indolenine units with  m-extended
benzoindolenines causes an increase in ICT and oscillator

NIR-II Two-Photon Bioimaging

strength leading to red-shifted optical properties and higher
0. This is evidenced by the commercially available and FDA-
approved dye indocyanine green (ICG, 27) whose 0, is more than
doubled compared to 26. Interestingly, ICG (27) was also used as
a contrast agent for 2P fluorescence imaging at 790 nm (Kumari
and Gupta, 2019), which leads to excitation in its blue-shifted
So—$S; band. The fluorophore thus presented an Anti-Kasha
fluorescence at 570 nm, emitting directly from the S, excited
state, which provided it with an excitation-dependent 2PEF. ICG
is now used in a clinical context for diagnostic purposes
(Schaafsma et al., 2011; Hackethal et al., 2018), and therefore
possesses a strong potential to develop 2P imaging past 1500 nm.
Cypate (28), a bio-conjugatable version of ICG replacing both
side sulfonate groups with carboxylic acids was also prepared and
characterised, leading to similar optical properties (Berezin et al.,
2011). Restriction of the polymethine chain with a
phenylcyclohexene moiety (29) led to a 70% increase in cross-
section but similar brightness. DTTC and DODCI (30 and 31),
two benzothiazolyl and benzoxazolyl analogues of Cy7 and Cys5,
were also used in studies at 1552 nm (Berezin et al., 2011) and
1060 nm (Li and She, 2010) respectively. The reported cross-
section for DODCI was measured at a wavelength significantly
different from the 2A;p, value, but was still considerably lower
than for DTTC which contains an extra double bond in its 7-
conjugated system. Introducing aromatic units at the 4-position
of the heptamethine chain led to increased cross-sections, but
halved the quantum yield. IR-140 (32) therefore has the largest
cross-section in this class of dyes thanks to a diphenylamine unit
attached to the central cyclopentene-heptamethine chain;
however, this does not yield a high brightness due to a poor
®;. In this study, the best 2P brightness was calculated for DTTC,
which was then selected for ex vivo 2PEF imaging of kidney tissue
(Section 3) (Berezin et al., 2011). Additionally, the 2P properties
of 2-azaazulene polymethine dye 33 were extensively studied
theoretically and experimentally to elucidate their symmetrical
character (Hu et al., 2013). By comparing the 2PA spectra of 33 in
apolar dichloromethane and polar acetonitrile, the authors
demonstrated a symmetry-breaking character in high polarity
media leading to a restriction lifting of their forbidden transition
at 2\;po ™™, which is a crucial observation for the development of
NIR-II responsive polymethines. A set of structure-property
relationships was also constructed by Fu et al. in a seminal
report on the 2PA properties of polymethine dyes (Fu et al,
2007). Cross-sections ranging from 60 to 600 GM were measured
in the NIR-II on different extended, locked and substituted
cyanines (dyes 34-37), which is consistent with other reports
on similar dyes. This demonstrated similar effects of conjugation
lengths and ICT on the 2PA spectra and cross-sections. A strong
increase in o, was noted in particular for cyanine 37, which
presented the most constrained conformation. Alexa Fluor™ 647
and 680 (38-39) are other commercially available polymethine
analogues reported with moderate 2P brightnesses (Kobat et al.,
2009; Miitze et al., 2012).

Adding ketones to the central polymethine chain was found to
produce fluorescent dyes 42-44 that show significant red-shifting
and quantum yield increase in protic solvents (Pascal et al., 2017).
Because of their pseudo-quadrupolar character, these dyes exhibit
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strong blue-shifted 2PA bands in the NIR-I, with o, values
ranging from 570 to 1400 GM at 900-970 nm. However, their
transition at 2\;p, remains partially allowed, which leads to a
second weaker 2PA peak in the 1100 nm region, reaching 250 GM
in the case of bis-acceptor dye 44. These dyes were modified to
include hydrophilic, hydrophobic and water-solubilizing
polymers, and were successfully used in 1P and 2P microscopy.

Squaraines are a particular example of keto-polymethine dyes
combining two ED groups connected to a four strongly electron-
deficient 4-membered ring system derived from squaric acid. This
class of dyes is known for their potential to reach considerable
2PA cross-section values with relatively simple structures, which
provides them with a high o, to molecular weight ratio (Chung
et al., 2006; Sun et al., 2017b). Only a few examples of squaraine
fluorophores were investigated in the NIR-II range; yet the
simplest examples of squaraines, built from indolenine
subunits, show intense 2PEF upon excitation past 1000 nm
(Ceymann et al, 2016). Squaraine 45 and its malononitrile
derivative 46 were described as bright red/NIR fluorophores
(Aem = 654 nm and 714 nm), with quantum yields of 0.62 and
0.75 respectively. Both dyes showed moderate 2P response (o, >
100 GM) around 1250 nm. Compound 45 was used for in vitro
and in vivo for 2P imaging at 1200 nm (Yi et al, 2019). The
authors demonstrated that the 2PEF of this small dye was
enhanced 17.7 times in the presence of bovine serum albumin
(BSA). Moreover, squaraine showed excellent photostability and
low cytotoxicity. Interestingly, more advanced squaraine
oligomers and branched structures were also investigated,
showing high 2PA in the NIR-II (Scherer et al, 2002;
Ceymann et al., 2016).

Other heptamethine cyanine dyes carrying different terminal
heteroaromatic moieties (benzoindolenine, thiazole, oxazoles,
azaindoles, flavyliums) have been developed and widely used
as 1P contrast agents. Dimethylamino flavylium polymethine
dyes have been shown to exhibit significant bathochromic
shifts compared to their analogous Cy dyes, thus taking their
1PE up to 1026 nm (Cosco et al.,, 2017). Funabiki et al. also
showed the importance of the counter-ion in benzo [cd]
indolenyl-substituted heptamethine cyanine dyes (Funabiki
et al., 2019). Already reaching the NIR-II window for in vivo
1PEF microscopy, these would be excellent candidates to have
their 2P properties investigated.

A common trait of cyanine-type dyes is their pseudo-
centrosymmetric character that can make the 2PA transition
at 2A;p, partially forbidden (Hu et al., 2013), and therefore reduce
their 2P brightness in the NIR-II. Non-symmetrical polymethines
are another important sub-class of dyes that adopt a dipolar
character and therefore overcome this feature. The 2PA spectrum
of the commercially available dye Styryl 9M (47) was reported by
Makarov et al, which highlighted a high 2PA cross-section
(750 GM), in the 1150-1250 nm region (Makarov et al., 2008).
Styryl 9M was notably used for the detection of lysozyme amyloid
fibrils with 2PE (Udayan et al., 2020). The nonpolar and viscous
environment generated by the hydrophobic channels of lysozyme
fibrils led to a strong bathochromic shift in the absorption
spectrum of the dye, accompanied by an increase in quantum
yield. FM4-64 (48) (Wokosin et al., 1996a) and To-Pro-3 (49)
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(Smith et al, 2012), two other non-symmetrical dipolar
polymethines, were reportedly used in 2P imaging past
1064 nm. FM4-64 is also commonly used in second-harmonic
generation experiments, which makes it a multi-modal imaging
agent (Nuriya et al., 2016).

Merocyanines are a sub-group of dipolar polymethine
chromophores constituted specifically of an amine (D) and a
carbonyl (A) moiety, connected to each end of the poly-ene n-
conjugated system. Merocyanines are typically sensitive to their
local environment, with optical properties varying in contact with
cell membranes, metal ions, or DNA; and 2PE was shown to be
even more sensitive than 1PE to such variations in the local
environment (Pascal et al, 2017). Fewer examples of 2P-
responsive merocyanines have been reported in the NIR-II
However, in their investigation of keto-polymethines, Pascal
et al. also reported a merocyanine-like dye 43 that showed a
2PA maximum at 1098 nm. Its moderate cross-section was
compensated by a good ®@g, which led to a brightness value of
74GM in MeOH. An interesting example of advanced
merocyanine design was also achieved by incorporating the
polymethine system onto a cyclohexanetrione moiety (Poronik
et al,, 2012). The resulting octupolar (D-m);-A structures 50 and
51 showed moderate 2PA response in the NIR-II transition
ranging between 98 and 214 GM in THF.

2.1.3 Porphyrin and Phthalocyanine Derivatives

Porphyrins, phthalocyanines and other types of polypyrrole
derivatives are commonly used as contrast agents or
photosensitizers in biomedical applications (Josefsen and
Boyle, 2012). The particular properties of such compounds
make it possible to tune multiple parameters such as the
lifetime of the excited state, and therefore their emissive
character, by metalation. The 2PA properties of Zn-tetrakis-
(phenylthio)-phthalocyanine (52) and Si-naphthalocyanine
dioctyloxide (53), both commercially available, were
investigated by Makarov et al. (Makarov et al, 2008). Both
dyes showed 2PA bands at 1270 nm in CCl, with moderate
cross-sections (Table 1). The silicon derivative however
showed significant 2PA capacity in its higher energy band
(470GM at 1020nm). In contrast, tetraphenylporphyrin
showed virtually no absorption past 1000 nm, which is in
accordance with the limited 1PA capacity associated with its
red Q-band. Porphyrin derivatives can however exhibit large
cross-sections, as fused-systems show an increase in both cross-
section and A opa with the increasing number of rings (Yoon
et al., 2007), although this can lead to preferential non-radiative
behaviour. Only a few examples of polypyrrole design have led to
NIR-II responsive fluorescent dyes specifically for 2P imaging
applications. Meso substitution is nonetheless a typical design
strategy to amplify the 2P response of porphyrin dyes (Nowak-
Krél et al, 2012), and porphyrin dimers bridged by a
diketopyrrolopyrrole unit at this position were prepared to
form highly absorbing D-m-A-n-D dyes (Nowak-Krol et al,
2013). Although no quantification was performed in this
study, the authors claim that their porphyrin dimer (54)
remained fluorescent at 710nm. A band structure
characteristic of porphyrin dyes was observed on the 2PA
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